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Chapter 1  
  
1.1 Introduction  
Nanosecond/femtosecond laser irradiation of metals in liquid confined environment is an emerging 
technique for its enormous applications in micromachining, materials processing, nanopartic le 
generation and nano-structuring [1-3]. It has caught the attention of researchers due to the 
possibility of fabricating debris-free micro/nanostructures [3]. Presence of a liquid adjoining the 
irradiated target will cause various instabilities in the melted layer. Particularly, the viscous flow 
of vaporized liquid in vicinity of the target causes the development of a variety of 
micro/nanostructures on the target materials. Generation of micro/nanostructures on the surface of 
solid materials is an important and useful technique since the frictional, tribological, adhesion of 
the film to the substrate, biocompatibility and bioactivity depend upon the surface morphology of 
material [4]. The properties of the structures created after irradiation with laser in liquid confined 
environment depend upon various experimental parameters like, number of pulses, characterist ics 
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of the surrounding media, laser fluence, laser spot size, repetition rate etc. On contrary to the dry 
treatment, presence of liquid presents a superior heat sink by effectively cooling the target surface 
and as a result, reduces the excessive heating [5]. It is also a useful method for the production of 
various metal hydrides and oxide grown by the chemical reaction at the liquid-solid interface [3].    
In 1987 Patil and his co-workers introduced the idea of laser ablation of materials submerged in 
liquids. He ablated pure iron target using pulsed laser in water environment to form oxides of iron 
in metastable phases [6]. This method was then called the Liquid Phase Pulsed Laser Ablation (LP-
PLA). In this method laser is focused on the target surface, submerged in the liquid. Ogale [7] 
followed the work of Patil [6] and extended it for surface modification of metals. He observed the 
potential applications of PLA in liquid confined environment such as metallic carbiding, oxidizing 
and nitriding. He produced metastable structures by employing PLA of solids submerged in a 
variety of confining liquids. For example, graphite was irradiated in benzene liquid with pulsed 
ruby laser, which results in the formation of diamond like phase from the evicted material. The 
pioneering work of Patil and Ogale [6, 7] unlocked new grounds for laser based material processing 
of the metals/semiconductors in various liquids. Firstly, surface patterning has been accomplished 
after laser irradiation by the mechanism of wet etching initiated from pulsed laser irradiation of 
absorptive liquids at the interface. The second benefit was the preparation of surface coatings on 
substrates after irradiation with laser at the solid– liquid interface. Thirdly, due to the expulsion 
effect during irradiation with laser in liquid confined environment, the steam cleaning technique 
has been developed for elimination of small particles from the surfaces of substrates. Fourthly,  
various nanostructures and nanocrystals have been manufactured after ablation of materials in 
various confining liquids. Tan et al. [8] proposed that the femtosecond lasers can generate higher 
pressure and higher temperature environments in the liquid confined area, compared to the 
nanosecond lasers. These studies disclose the individuality of LP-PLA for synthesis of materials 
particularly the metastable phases that favor enhanced pressure and temperature. Recently, Ogata 
et al. [9] have elucidated that significant chemical reactions take place at the plume-liquid interface 
among the liquid and plasma plume. They measured the parameters of the thermodynamics of 
plasma plume, implying that a variety of compounds might be created in the high pressure and 
temperature environment. Tan et al. [8] reported the synthesis of nanocrystalline zirconia after 
irradiation of Zr with femtosecond laser in liquid. For that reason, Yang et al. [10] named the laser-
based material process as pulsed laser induced liquid–solid interface reaction (PLIIR).   
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In current years, due to the development of a variety of technological tools, much progress has 
been made in this regard to explore the physical and chemical processes involved during LP- 
PLA. Therefore, it’s useful to sum up important information of PLA for technological applicat ions 
and common understandings. On this matter, there have been numerous reviews dedicated to the 
basic features of the processes of PLA of biological tissue [11], laser ablation of liquids [12], 
underwater welding and drilling by irradiation with laser at liquid–solid interface, and laser 
cleaning and cutting at the liquid–solid interface, laser irradiation for applications of under liquid 
laser etching [13]. A complete understanding of PLA of liquids is required together with the 
mechanism of PLA of solids submerged in liquids and its application in generation of micro and 
nanostructures.   
In accordance with the general explanation of PLA of solids in liquids important dissimilarities are 
observed among PLA of solids in gas, vacuum and in liquid confined environment, which can be 
summed up in three significant traits. Firstly, the laser-induced plasma plume is generated at the 
solid–liquid interface after ablation of the solid target by the laser pulse in liquid. As the 
development of plasma plume is confined by the liquid to cause enhanced temperature and pressure 
by the production of mechanical effects, i.e. the condition of high density, pressure, and 
temperature. Secondly, at the liquid-solid interface and within the plasma, the chemical reactions 
occur under high-pressure and temperature. The third is the quenching time which is much shorter 
for laser-induced plasma in liquid confined environment than in diluted gas and vacuum. 
Definitely, these points specify that laser ablation in liquid confined environment has potential 
applications in laser-based processing of materials.  
This dissertation deals with the investigation of ablation mechanisms of metals, Zirconium (Zr), 
Titanium (Ti) and Silver (Ag), in dry and liquid confined environments by employing both the 
nanosecond and femtosecond  lasers. It provides a deep insight to the physics behind the 
nanosecond and femtosecond laser-matter interaction processes involved during PLA and LPPLA 
of Zr, Ti and Ag. In response to the absorbed nanosecond laser energy in air and various liquids a 
variety of microstructures like grains, pores, cracks, cavities, flakes and conical microstructures 
are observed on the surface of Zr, Ti and Ag. Whereas, irradiation with femtosecond laser pulses 
in air and various liquids supports the formation of micro and nanoscale laser induced periodic 
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surface structures (LIPSS), conical nanostructures, micro-craters, cavities, pores, globules and 
cracks.   
Surface structures of the irradiated metals are investigated by SEM analysis. Irradiation of Zr, Ti, 
and Ag in air and liquids also affects their crystallinity and chemical composition. The mechanisms 
responsible for the production of residual stresses and heat diffusion into the metals after 
irradiation with nanosecond and femtosecond lasers are considered to be responsible for 
crystallographical alteration. EDS, XRD and Raman analysis are performed to correlate the growth 
of micro and nanostructures with the structural and chemical changes produced over the surface 
due to enhancement of chemical reactivity of Zr, Ti and Ag with the ambient environment after 
irradiation with both nanosecond and femtosecond lasers.   
Depending upon the absorption coefficients of liquids, density, chemical reactivity as well as 
metallic properties like their chemical composition, melting point, thermal conductivity, electron-
phonon coupling and absorptivity, different metals show different ablation behaviors when 
exposed to both nanosecond and femtosecond lasers. Metals also behave differently in both dry 
and liquid environments. From the group of transition metals Ti is selected due to its exceptiona l 
physical and chemical characteristics. It is extensively used in aerospace components and 
prosthetic devices due to its constructive features like, high strength to weight ratio, 
biocompatibility and outstanding corrosion resistance [14]. Micro/nano-structuring of Ti is useful 
due to its enormous applications in the fields of biomedical engineering, fuel cells, and material 
sciences etc. [15]. Due to its high absorption and less reflectivity in the visible range of spectra, 
micro/nano-structured Ti is useful in the field of engineering and industry [14]. Zr is a transition 
metal and has growing applications in the field of industry e.g. in building chemical reactors, in 
vacuum tubes, photoflash bulbs, in steel as an alloying agent, and various others [16]. Laser 
ablation of zirconium in both dry and liquid confined environments can enhance the chemica l 
reactivity and therefore ZrO2 can be formed. Zirconium oxide (zirconia), a transition metal oxide, 
with band gap value between 5.0–5.5 eV shows excellent thermal, optical, mechanical and 
electrical properties [8]. It is used as refractory material in the production of rings of high 
frequency induction reels, piezoelectric crystals, fuel cell, sensors etc. [17]. Ag is famous for its 
reputation and use in coins and jewelry, but today, its prime use is in industry, whether in solar 
panels or cell phones and nano-particle generation. New advances are continually emerging to take 
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benefit of silver's unique properties. It is a noble metal because it opposes oxidation and corrosion. 
Because it is the finest electrical and thermal conductor of all the metals, it is perfect for electrical 
applications. Its non-toxic, antimicrobial characteristics make it useful in consumer products and 
medicine. Photosensitivity of Ag has specified its place in film photography [18].   
First chapter of thesis describes the basic understanding to processes of PLA and PLA of solids in 
liquid confined environments by employing the nanosecond and femtosecond lasers. This chapter 
describes that how nanosecond and femtosecond laser pulses and ambient environment affect the 
surface morphology and chemical composition of metals.  
Second chapter deals with the brief review of the literature already reported by different research 
groups.  
The third chapter describes the experimental setup for both nanosecond and femtosecond lasers 
alongwith working principles of various characterization facilities employed for analysis of 
irradiated targets.  
The fourth chapter deals with the experimental results related to the surface and structura l 
modifications of Ti, Zr and Ag. This chapter describes the basic physics involved during 
nanosecond and femtosecond PLA of metals in dry and liquid confined environments. It provides 
us a deep insight of surface micro and nano structuring of metallic materials and the fundamenta l 
physics behind the formation of the surface structures. A strong correlation of crystallinity and 
surface chemical composition with surface morphological variation is made in this chapter.  
General conclusions are presented at the end of this chapter.  
1.2 Nanosecond and femtosecond laser ablation of materials in gaseous 
environment  
Two famous techniques have been evolved in material processing based upon PLA i.e. PLA of 
solid materials in gaseous environment [19] and pulsed-laser deposition (PLD) of thin films [20]. 
In addition, PLA has been used to produce unique micro/nano-structures on the surface of 
semiconductors, polymers and metals [21]. In materials processing, PLA of solids generally occur 
in a diluted gaseous environment or in vacuum. The  interaction between the solid targets and 
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incoming laser radiations at the gas–solid interfaces has been investigated by various research 
groups [22]. Three fundamental mechanisms responsible for the development of plasma plume 
during PLA of solids are (a) production, (b) transformation and (c) condensation. These processes 
play significant roles in processing of materials. Figure 1.1 schematically demonstrates the above 
mentioned procedures. It is observed that, both the nature of the plasma plume and ablation 
processes are dissimilar for both nanosecond and femtosecond laser pulses. For nanosecond laser 
ablation, the removal of material is probably dominated by thermal mechanisms [23]. The incident 
photons can couple with both vibrational and electronic modes of the target. During nanosecond 
laser ablation electron-photon coupling results in quick rise of electron temperature causing the 
vaporization of rapidly heated target surface. The evaporated material expands at the start of 
vaporization and the background gas interacts with vapor plume results in the confinement of the 
generated plasma as shown in figure 1.1(a-b) [20]. The excitation and ionization of the plasma 
plume are resulted through multi-photon absorption, Inverse Brehmstrahlung and ionization in the 
gaseous phase after laser irradiation [24]. As a result, the plasma plume holds a large number of 
electrons, neutral atoms and ions. The coupling of photons and electrons result in a quick electron 
excitation. Generally electrons dominate the development of the plume throughout the nanosecond 
laser ablation. During PLA, the plasma plume and target interface are in the gaseous state due to 
much higher temperature. In the meantime, the interaction of electrons and ions will be accelerated 
and temperature of plume quickly reach the equilibrium [23]. Therefore, in case of nanosecond 
pulsed laser ablation, the next half of the laser pulse continuously ablates the target surface 
alongwith the plume. Irradiation by the second part of the pulse performs two roles. It increases 
the excitation and ionization of plume species, in which mechanisms related to photons, will be of 
importance. Secondly, it continuously irradiates the interface between plasma plume and the target 
to eject more species from the target and results in further expansion of the plasma plume.   
Accordingly, these two effects of the second part of laser pulse not only cause the rapid 
development of plume. It also pushes the plasma in a state of high density and high temperature as 
can be seen in figure 1.1(c) [25]. Owing to recoil effects [26], now the plasma plume is expelled 
from the target as shown in figure 1.1(d). With femtosecond laser pulses, ablation mechanisms are 
different compared to nanosecond lasers. The femtosecond laser-matter interaction is usually non-
equilibrium process. Heating, material ejection and plume formation occur well after the laser 
pulse [9]. In tens of femtoseconds, the electrons get excited up to tens of electron volts [27] by 
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photo ionization and avalanche ionization [28]. While the duration of energy transport from 
electrons towards ions is of the order of picoseconds [29]. Hence, the temperature of the lattice 
remains unaffected during the absorption of femtosecond laser pulse. The femtosecond laser 
energy is primarily transferred to a thin layer during the electron–photon interaction mechanism. 
The transfer of heat from electron to lattice depends on the strength of coupling of electrons with 
phonons and ultimately vaporized the rapidly heated target. Mainly electrons are responsible for 
the transfer of energy for ablation. Further, due to presence of a large amount of vapors, ions and 
electrons at high temperature the plasma plume is formed.   
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Figure: 1.1(a) The shadowgraphic representation of the pure Cu plasma plume, captured after a 
time duration of 1200 ps, after irradiation with Nd:YAG laser (35 ps, 1064 nm, 4.5 mJ) in ambient 
environment of air  presenting three distinctive phases of the evolution of plasma in dilution gas 
or vacuum. (b) The creation of the plasma after ablation with the first half of the laser pulse. (c) 
The free expansion of plasma in gas/vacuum during which it absorbs the second half of the pulse. 
(d) The eviction of the plasma plume. (e) Presents the condensation of plasma that can be used for 
deposition of thin film. (f) Condensation of  plume species utilized for synthesis of nanopartic les 
in gases [30].   
Compared to the nanosecond laser, the femtosecond laser generated plasma plume quickly loses 
the pressure and temperature with very short life time. During the small time duration (e.g. the 
femtosecond laser) of the laser, the heating and mechanical relaxation of the absorbing volume 
occur at almost invariable volume conditions resulting in the elevated thermo-elastic pressure. 
After that, the photomechanical effect produced by the relaxation of pressure begins to play a 
significant role in material ejection.   
Considerably larger value of pressure will amplify after the absorption of laser pulse. The 
relaxation of the laser-induced pressure gradient results in eviction of material from the target 
surface. There must be distinction in the recoil effects of nanosecond and femtosecond laser 
ablation. During ablation with femtosecond laser pulses, the recoil effect or the material removal 
starts subsequent to the laser pulse. Aggregation, collision, and condensation of plume species will 
be caused by enhanced thermal diffusion of the ablated species in the plasma plume. Phase 
transformation like, nucleation and creation of fresh molecules may also occur in the plasma 
plume.  
The last step of the development of the plasma plume produced by laser ablation is the cooling and 
condensation in the ambient gas or vacuum. A distinct condensation mechanism will be useful in 
different applications of material processing. Figure 1.1(e-f) demonstrates two admired 
condensation mechanisms of the plume. Figure 1.1(e) shows the condensation of the plume on the 
surface of the substrate to develop thin film. This mechanism is called pulsed laser deposition 
process. The other one represents the cooling of the plasma plume in the ambient gas to form nano-
particles as shown in figure 1.1(f). Naturally, the condition of the substrate, e.g. temperature, 
surface structure and nature of gas i.e., degree of ionization and temperature, can have an 
extraordinary effect on the products of PLA. When ablation is performed in ambient gas for the 
certain reasons, it is observed that very important chemical reactions occur during condensation 
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and transformation of the plasma plume. The interface among the ambient gas and laser induced 
plasma plume offers a route for these chemical reactions. Two types of chemical reactions can 
occur on the gas-solid interface. In the first case, the ambient gas molecules transforms to ions 
after irradiation due to quick rise in temperature near the gas-solid interface. These gas ions will 
react with plasma plume ions to produce new molecules. In the second case the plasma ions diffuse 
into the gas through gas-solid interface and make collisions with the gas molecules. These 
collisions cause chemical reactions due to plasma plume ions density gradient at interface. In the 
ambient gas, these diffused ions fall to low energy state due to the formation of molecules by 
means of chemical reactions.  
Nitrogen and oxygen are typically considered as the ambient gases to change the compositions of 
the deposited films, when nitride and oxide films are prepared by pulse laser deposition [20].   
1.3 Laser ablation of materials in liquid confined environment   
Essential difference among PLA of solids in gas or vacuum and PLA of solid submerged in liquids 
is that the expansion of the laser induced plasma plume is confined by the liquid. So, a sequence 
of mechanisms including transformation, creation and condensation of laser induced plasma plume 
due to PLA of solid targets in liquids occurs under the state of confinement of liquids. The 
confinement effects of the liquids significantly influence the kinetic and thermodynamic properties 
of development of the laser induced plasma plume. It provides definitely different environment for 
condensation and phase formation. Basic features of PLA of solids in liquids are discussed below.   
1.3.1 Basic features  
Similar to the gas environment, plasma plume will be generated from the solid target at solidliquid 
interface, during irradiation of the target by front part of laser pulse in confining liquid, which is 
schematically demonstrated in figure 1.2 (a). As this plasma is directly produced from the target 
by laser ablation, it is called the laser induced plasma. The plasma expansion, once it produced, is 
restricted by the confining liquid in contrast to the free expansion of laser induced plasma plume 
produced in gas or vacuum. The confinement effects of liquids might compel the plasma into a 
definitely different thermodynamic state compared to laser ablation in gaseous environments. For 
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that reason, in this segment, we talk about the formation, condensation and transformation of laser 
induced plasma plume after irradiation in liquid confined environments.   
1.3.1.1 Confinement effects of liquids  
Due to liquid confinement effects, the plasma plume adiabatically expands with supersonic 
velocity and generates shock waves. These shock waves generate an additional pressure that is 
called the plasma-induced pressure.  
 
  
Figure: 1.2 The development of the laser-induced plasma in an ambient environment of liquid. (a) 
The production of the plasma after irradiation with first half of the laser pulse. (b) The plasma 
plume expansion in liquid after interaction with the second half of the laser pulse and enhanced 
pressure generated by the laser induced shock wave. (c) Four types of chemical reactions occurring 
at the liquid-plasma interface and among the liquid and plasma within the plasma (A represents 
the ablated metallic particle, B represents the liquid molecule, A+ & B+ shows the ions of both A 
& B). (d) Two condensations of the plasma: one is utilized to produce thin film coatings on target 
surface and the second is utilized to fabricate nanoparticles in the confining liquid (Prog. Mater. Sci. 
2007, 52, 648).   
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This pressure causes an extra increase of temperature. Due to the liquid confinement effects, the 
shock wave drives the plasma into a thermodynamic condition of much higher pressure, 
temperature and density. For instance, Berthe et al. [31] reported enhanced plasma-induced 
pressure (2–2.5 GPa) after irradiation of Al with a 308 nm XeCl excimer laser with pulse duration 
of 50 ns and power of 1–2 GW cm-2 in water. Peyre et al. [32] also stated that higher plasma-
induced pressure can be attained with short pulse for example, 3 ns (10 GPa) than long pulses such 
as 30 ns (5 GPa). Actually, the power and wavelength of laser pulse also affect the worth of the 
plasma-induced pressure [33]. Thus, the confinement effect of the liquid results in high pressure, 
high density and high temperature plasmas at the liquid-solid interface after ablation of the solid 
surface by the laser pulse, shown in figure 1.2(b). Note that this thermodynamic state is noticeably 
good for the production of metastable phases that lies in the high pressure/temperature area on the 
thermodynamic equilibrium phase diagram.   
1.3.1.1.1 Chemical Reactivity  
Four types of reactions can occur during the transformation of plasma, at the liquid-plasma 
interface and within the laser-induced plasma, figure 1.2(c). The first type of reaction takes place 
within the plasma. Since the plasma is in a condition of much higher pressure, density, and 
temperature, it is suitable for the development of new phases, predominantly the metastable phases. 
Metastable phases can be formed during chemical reactions at high temperature among the ablated 
species. The second kind of chemical reactions also occur within the laser-induced plasmas. In this 
case the reactive species are from both the liquid and the target. High temperature and pressure at 
the tip of plasma will cause evaporation and excitation of the molecules of the liquid at solid-liquid 
interface and produce plasma of the liquid molecules at the interface. Since the plasma generated 
at interface is created by high pressure and temperature of the plasma, hence, it is called plasma-
induced plasma. The plasma-induced plasma quickly mixed into the laser-induced plasma after 
generation (both the plasmas are considered as gas). Thus, the laser-induced plasma holds a large 
number of atoms/molecules/ions from plasmainduced plasma and chemical reaction will occur 
among the species of excited liquid molecules and from the ablated target. The third kind chemica l 
reactions occur at interface of liquid and the laser-induced plasma. Because the thermodynamic 
state with high density, pressure and temperature of the laser-induced plasma offers an excellent 
possibility to high-temperature chemical reactions among molecules of liquid and the ablated 
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species from the target. These chemical reactions occur at plasma–liquid interface.  The fourth 
type of chemical reaction takes place within the liquid. The tremendously high pressure will force 
the ablated species from the target surface at the plasma-liquid interface into the liquid. After that, 
chemical reactions among the liquid molecules and ablated species will take place within the 
liquid. It is observed that three types of chemical reactions out of four, mentioned above, at the 
same time involved two species that are from the confining liquid and from solid target. As a result, 
these chemical reactions offer time for synthesis of novel materials by grouping of elements of 
liquid and the target.  
Significant amount of experimental data is reported which supports the above defined assumptions 
about the chemical reactions. For example, after PLA of iron in ambient environment of water, 
iron oxides were prepared [6] and carbon nitride nano-crystals are prepared from graphite target 
after PLA in ammonia solution [34].   
1.3.1.1.2 Cooling   
The final stage of development of plasma plume is the rapid condensation after cooling in liquid 
confined environment as shown in figure 1.2(d). A fraction of the plume will redeposit on the 
target surface after condensation during plasma quenching owing to the confined pressure offered 
by the liquid. Naturally, deposition of plasma plume after condensation leads to the formation of 
surface coatings, which has become a newly developed PLD method in liquid confined 
environment, to get surface coatings with metastable phase [35]. The other part of the plasma 
plume will disperse during plasma quenching after condensation into surrounding liquid, owing to 
cooling effects of confining liquid. Therefore, the plasma plume condensation causes the 
generation of fine particulates in the surrounding liquid. Usually, owing to the high surface tension 
of the produced particles, these little particles drift over the surface of confining liquid.  
1.3.1.1.3 Cleaning  
Another function of the liquid layer is the “cleaning” effect that prevents the re-deposition of debris 
on the surface. Radial liquid flow caused by the bubble collapse, additionally precipitates the 
molten layer’s convective flow owing to differences in the material’s surface tension and causes 
an increase in hydrodynamic instabilities (Kelvin-Helmholtz instabilities). As a result, more 
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instabilities at the liquid-solid interface causes increased pressure with the elimination of ablated 
debris, results in an enhanced ablation performance [36].  
In chemically active media, laser-activated reactions accelerate the physical and chemica l 
modifications of materials. These reactions are rather simple to allow the formation of materials 
with special characteristics and are highly efficient. PLA of solids in reactive liquids acquired 
concentration owing to its opportunity of producing clean microstructures on the surface of a 
variety of solids. Presence of a thick medium adjoining to the target causes a variety of instabilit ies. 
Particularly, various structures in the solid may be formed due to the viscous flow of the vapors of 
the confining liquid.  
1.3.2 Applications of pulsed laser ablation in liquids   
Fundamental development mechanisms of PLA in liquid confined environment along with 
condensation of laser-induced plasma plume can find its numerous applications in material 
processing i.e. in fabrication of nano-crystals, surface patterning and surface coatings preparation. 
Nanostructures of metallic alloys, synthesis of nitrides/oxides along with two types of surface 
coatings, i.e., metallic nitrides/oxides, diamond-like carbon and related materials, and three types 
of nano-particles, i.e. carbon-related materials, nano-particles of elements of metal and nano-
crystals of diamond, prepared by PLA of solids in liquid confined environment are discussed in 
the literature. Additionally, PLA of solids in liquid confined environment is developed as a 
technique (steam laser cleaning) for elimination of micro/sub-micrometer species from the 
semiconductors and metals [13], which illustrates enhanced possibilities in microelectronics. In 
contrast, it is also employed as an effective tool of micro-processing owing to the unique etching 
kinetics of PLA at the solid-liquid interface [37] to pattern the solids surfaces emerged in liquids, 
which significantly different from the production of nano-scale patterns after PLA in gases [21]. 
Garrison et al. [38] have performed computer simulations for systematic study of laser ablation of 
various materials in the laser-based processing of materials [39]. The applications of PLA in liquids 
with respect to laser-based processing of materials are briefly summarized as follows.   
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1.3.2.1 Synthesis of nanocrystals   
Nanostructures like, nano-wires, tubes and particles have got researchers attention owing to their 
novel applications in the field of fabrication of nano-scale devices, mesoscopic physics and 
chemistry. Therefore to attain different building blocks of nano-meter size, a number of synthes is 
mechanisms and self-assembly have appeared in current years. Similarly, PLA of solids in liquids 
unlocked a novel and unique route to produce nanostructures, particularly the meta-stable nano-
phases. Various nano-crystals including elemental metal, diamond and related materials, alloys, 
nitrides, oxides, hydroxides and metal alcohols have been produced via PLA in liquids.   
1.3.2.2 Thin film coatings   
The study on pulsed laser ablation of solid targets in liquid confined environments have 
significantly been motivated by ‘‘underwater materials processing’’ such as drilling, welding and 
cleaning [13]. Therefore, preparation of surface coatings below water has turned into a strong 
requirement in marine for protection and anticorrosion of metallic surfaces. Iron oxide coatings 
alongwith the metastable phase was initially synthesized from the iron targets in water by 
employing pulsed Ruby laser [40]. Which was first defined by Ogale et al. [41] to develop new 
surface nitridation and oxidation by PLA of the metal targets in liquids. Surface coatings of 
nitrides, oxides of iron and GaAs oxides were created by this technique.   
1.3.2.3 Surface cleaning  
Cleaning of the micro/sub-micrometer particulates from the target surface is a huge challenge in 
materials processing. Thus, there have been different techniques for cleaning including plasma 
cleaning and ultrasonic cleaning. However, in comparison to conventional methods, laser cleaning 
of materials is advantageous in processing of materials at the micro/sub-micrometer scale because 
the other cleaning methods become unsuccessful for such particles [42].   
During the phenomena of liquid based removal of particles [43], near the liquid-solid interface a 
thin liquid layer becomes superheated due to the laser induced high temperature through the 
mechanism of thermal diffusion. Furthermore, when the temperature increases from a certain 
range, at the solid-liquid interface, a lot of vapor bubbles produced by heterogeneous nucleat ion 
process, which results into the superheating of liquid. The transfer of heat from the surface of solid 
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into liquid supports the development of bubbles and causes the growth of bubbles. Consequently, 
these bubbles quickly develop and blow up to cause remarkable increase of pressure. Thus, the 
formed bubbles exert high pressure within the heated liquid layer through thermal diffusion and 
generates cleaning force at the interface. At last, when the cleaning strength becomes large to drive 
out the target particles, laser cleaning is attained.   
  
  
1.3.2.4 Surface texturing   
Laser processing of materials at sub-micrometer and micrometer scales has been of immense 
interest in opto-electronics and micro-electronics. So, it is significant to develop novel patterning 
or etching methods for micro/nano processing of various materials including semiconductors, 
metals and polymers. Recently, Yabe and Shafeev [43] have introduced a novel method of wet 
etching on the basis of PLA in liquid, which was given the name “laser-induced backside wet 
etching” (LIBWE). Characteristically, the quartz crystal plate or fused silica are developed as a 
distinct array of lines by means of micron-size spaced features employing one-step method, i.e. 
LIBWE [44]. Based on the experimental investigations [45], LIBWE was proposed to initiate from 
the PLA of solution instead of PLA of fused silica. By absorbing the laser light the solution 
becomes superheated and results in enhanced temperature at the interface between liquid and 
plates.  
In comparison to other conventional patterning methods such as electron beam lithography, laser 
based techniques show the sole advantages in the micro/nano processing of materials [46]: (a) high 
etching rate for low laser fluence, (b) easy process, i.e. one-step method at a particular pressure, 
(c) owing to linear relationship among fluence, constant etching rate and etch depth, this method 
is easily controllable and (d) high resolution. In addition, Mazur et al. [47] explored the surface 
patterning of silicon after irradiation with femtosecond laser.   
Rafique et al. [48] investigated the effect of number of pulses on surface morphological changes 
produced in cadmium after irradiation with Nd:YAG laser. They observed strong dependence of 
material removal on accumulative laser pulses. On the surface of Al, large scale wavelike structures 
were observed after irradiation with increasing KrF laser pulses (248 nm, 5 J/cm2 and 40 ns) [49]. 
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Wavelength observed for the surface features had a value of 30 mm, much bigger compared to the 
laser wavelength. From parametric study of molten layer, it was concluded that Kelvin-Helmho ltz 
instability at the interface of plasma plume and molten material is responsible for the growth of 
such structures. Since the commencement of laser material processing, laser induced periodic 
surface structures (LIPSSs) or ripples have been observed [50]. The nonuniform energy 
distribution over the surface causes the periodic material melting and resolidificat ion. 
Femtosecond laser induced ablation causes generation of various kinds of nanostructures like 
cones, nano-walls, cavities, pores, protrusions, spherical droplets etc. on metals, semiconduc tors 
and dielectrics [51]. Ripples are one of most important features to be found in the surface of 
irradiated materials and have been reported by many groups [52]. Bandoki et al. [53] investigated 
the effect of different thresholds fluences on the formation of nano and micro-scale ripples, splash-
like structures and pores on stainless steel, after femtosecond laser irradiations. The effect of 
pressure on the debris re-deposition, from the ablated zinc borosilicate glass material in ambient 
environment of air using 266 nm, 6ns laser pulses for incident fluence of 3-18 J/cm2, and pressure 
ranging from 10-750 Torr has been observed [54]. It was found that for low pressure environment, 
the re-deposited debris over the surface is smoother and clean with minimum damage around the 
ablated area. Contrary to this, for higher pressure and laser fluence, tremendously rough surface of 
the target is obtained with large debris and larger fragments of the molten glass material deposited 
about the ablated zone. Sponge like features produced by pulsed laser irradiation in the semi-
confined pattern has been investigated [55]. The porous surface features have been formed on the 
surface of molybdenum and tantalum after irradiation with nanosecond lasers when plasma is 
trapped between the transparent cover plate and target. The liquid surface layer of the sample 
becomes superheated during development of plasma plume and pressure over the surface. The 
development of cylindrical blast waves during explosion of plasma disk drives the metastable 
superheated liquid towards spinodal. Phase explosion occurs in the spinodal liquid through the 
cascade growth of bubbles which produces highly porous sponge-like surface. Due to ultrafast 
cooling it stays frozen permanently after the laser pulse. Development of surface nanostructures 
after laser irradiation of tungsten target in liquid confined environment has been investigated [56]. 
Different types of features were observed on the surface after irradiation, namely nanostructure 
and periodic ripples. The morphology and density of the features was observed by using field 
emission scanning electron microscopy. Thermionic emission of the nano-structured tungsten 
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target was also investigated. The decrease in work function of the nano-structured tungsten was 
observed than that of pristine surface.  To increase the surface and tribological characteristics of 
the materials, laser produced surface texturing has been employed. For example, to reduce friction 
and to overcome stiction problems, magnetic disk drives need surface texturing [57]. Also, 
microscopic dimples produced after laser surface texturing can enhance material tribology by 
serving as micro-traps for wear debris, micro reservoirs for lubricant [58]. In other cases, to 
enhance adhesion of mating surfaces, texturing can be used. A more recent progress in laser based 
surface texturing includes the formation of super hydrophobic surfaces (Өc˃150o, where Өc is the 
contact angle) for a variety of applications such as micro-fluidics, self-cleaning surfaces, biologica l 
scaffolds and chip devices [59]. The mechanism is motivated by numerous examples from natural 
world, particularly that of the lotus leaf, in which natural surface patterns consequence in 
outstanding water repelling characteristics [60]. Multi-scale features ranging from nano- to 
microscale on the surface of leaves define the efficiency of these natural patterns. Using the laser 
texturing technique we can copy these multi-scale structures and their superhydrophob ic 
characteristics.  
1.4 Aims and Scope of the present work   
The basic aim of the present work is to observe the different response of Ti, Zr and Ag to 
nanosecond and femtosecond laser pulses. We want to observe the nanosecond and femtosecond 
laser induced structuring of metals when they are exposed to various number of accumulative laser 
pulses in air and under a variety of liquids including ethanol, propanol and de-ionized water. To 
provide a deep insight of surface micro/nano structuring and fundamental physics behind the 
formation of these surface structures, the formation of these structures will be correlated to the 
changes produced in crystallinity and surface chemical composition. Laser induced surface 
structuring of materials is important owing to its enormous applications in various fields like, 
material processing, nanotechnology, industry and medicine. Laser induced structuring can 
enhance the optical properties, biomedical, electrical and thermal properties, super hydrophobic 
behavior and mechanical properties of metals.    
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Chapter 2  
Literature Survey  
Surface structuring of materials has enormous applications in a variety of fields like, 
nanotechnology, material processing, industry and medicine. Various  tribological properties, such 
as, micro-hardness, hydrophilicity and optical properties of materials can be improved significantly 
after laser irradiation. To alter these surface properties, various techniques have been developed 
and explored over the years. However, they have some restrictions such as the lack of spatial 
resolution or involvement of toxic chemicals. Laser surface treatment is free from these drawbacks 
and is an emerging technique for modification of surface properties. It offers high spatial and 
temporal resolution, noncontact processing and gives a high degree of purity. These properties 
makes it is highly suitable for all kind of materials. It also has the ability to deliver high quantum 
of energy to the surface to induce thermal gradient resulting in rapid heating, cooling and re-
solidification rates.   
Material surface modifications can be performed with lasers either physically or chemically. 
Excimer- laser- induced ablation has been confirmed to be a potential tool for the structuring of a 
variety of materials [61, 62]. Excimer lasers have the ability to remove extremely fine materials 
surface layers with very less heating or change to the bulk of the material. Excimer lasers are well 
suited to precision micromachining. Excimer lasers are extensively employed in highresolut ion 
photolithography machines [63], used in the manufacturing of microelectronic devices [64], in 
angioplasty [65], growth of nanostructures, synthesis of nano-particles [66] and material surface 
cleaning etc. [67]. Pulsed Laser Ablation (PLA) technique was developed in the 1960s, after the 
creation of pulsed ruby laser. Since then, many researchers investigated the phenomenon of laser 
ablation in vacuum or dilute gases. Using this technique it is possible to produce a wide variety of 
structures of various target materials by changing the parameters of lasers (e.g., fluence, 
wavelength, number of pulses and pulse duration etc.) and ambient environment.  
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During the past two decades, the main aim of a rapid development in the field of lasers is to enhance 
the laser power and to reduce the pulse duration. These days femtosecond lasers are available at 
commercial level and they have been utilized in many fields like nano-structuring of materials, 
detection and generation of terahertz radiation [68], nano-particles generation [69], spectroscopy 
[70], etc. During laser ablation with ultrashort (femtosecond) lasers, a variety of materials and 
shapes can be prepared ensuring its applicability in numerous applications [71]. For instance, 
femtosecond laser pulses can be utilized for direct drilling of the holes of high aspect ratio in a 
variety of materials like insulators [72], semiconductors [73] and metals [74]. Femtosecond laser 
pulses can be used both for the surface and volume structuring within transparent materials. Bragg 
grating ablation within the fibers is one of the applications of volume structuring of materials [75]. 
Femtosecond-laser ablation can also be employed for pulsed laser deposition or materials coating 
with such solids that cannot be prepared with other mechanisms [76, 77].  
Extensive work has been performed by various research groups using nanosecond and femtosecond 
lasers. Large scale ripples on the surface of aluminum were observed after irradiation with 
increasing number of laser of KrF Excimer laser pulses (5 J/cm2, 248 nm and 40 ns) [49]. It was 
found that Kelvin-Helmholtz instability at the plasma plume interface and molten material is 
responsible for the growth of such structures.  
Micro/nano-scale Laser Induced Periodic Surface Structures (LIPSS), splash-like structures and 
pores with diverse thresholds fluence have been revealed by irradiation of linearly polarized fs 
laser pulses on stainless steel. Nano-scale structures shows threshold fluence less than that of 
microscale LIPSS [53].   
Formation of LIPSS, on nanosecond laser irradiated surfaces has been of interest for all kind of 
materials over the forty years. These LIPSS are also termed as ripples and consist of wavy patterns 
with periodicity smaller or equal to the incoming radiation wavelength. Unfortunately, the physical 
mechanisms explaining ripple formation, growth and transitions in the direction of other patterns 
are still not fully understood. Models based on the laser parameters, explaining ripple instiga t ion 
and growth, such as the angle of incidence and the wavelength, are often discussed in literature. 
[78].  
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Sponge like metal surface produced by pulsed laser irradiation in the semi-confined configurat ion 
has been investigated [55]. The porous surface features have been formed on the surface of 
molybdenum and tantalum after irradiation with nanosecond lasers when plasma is trapped 
between the transparent cover plate and target. The liquid surface layer of the sample becomes 
superheated during development of the plasma plume pressure over the surface. The creation of 
cylindrical blast waves during explosion of plasma disk drives the metastable superheated liquid 
towards spinodal. Phase explosion occur in the spinodal liquid through the cascade growth of 
bubbles which produces highly porous sponge-like surface. Due to ultrafast cooling it stays frozen 
permanently after the laser pulse.     
Growth of specific type of surface structures on the surface of titanium target after irradiation with 
Nd: YAG laser (1.065 µm, 300 ns, 30 Hz) has been investigated [79]. The study was carried out 
for multipulse irradiation with intensity lower than the single pulse melting threshold. Irradiated 
sample reveals the development of hills and valleys which changes to dendritic morphology after 
multipulse irradiation. This uncommon and interesting behavior of metal surface is associated with 
increase of absorbed laser intensity by the target surface with increasing number of laser pulses. 
Thus molten layer thickness increases due to multipulse irradiation which leads to the formation 
of thick liquid pool, which results in dendritic microrelief.   
Rafique et al. [48] investigated the effect of varying number of pulses on the surface changes of 
cadmium after irradiation with Nd:YAG laser. They observed strong dependence of material 
removal on accumulative laser pulses. They concluded that lower number of pulses or low fluence 
causes the formation of ripples over the surface whereas, huge figure of accumulative laser pulses 
causes the development of cones. They also concluded that the cone or ripple formation does not 
depends upon surface non-uniformity or impurity of material, but attributable to repeated thermal 
shock produced due to repeated laser pulses.   
PLA in liquids has been of interest in the last two decades due to its variety of technological and 
medical applications like, laser shock processing, surface cleaning, dental tissue ablation, laser 
osteotomy, formation of nano-particle and fabrication of microstructure. With the help of this 
technique surface morphology of metallic targets can easily be modified. PLA of solids in liquid 
confined environment is an emerging technique for development of debris free 
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micro/nanostructuring. Another advantage of this technique is the increase of chemical reactivity 
of material with the surrounding liquid during irradiation. Most of the liquids show enhanced 
chemical reactivity than at normal conditions, which permits ablation of variety of hard materials 
without momentous effect on there stoichiometry, which results in formation of protrusions, 
spikes, ripples, hillocks, cracks, bumps and laser produced cavitations bubbles due to oxides, 
hydroxides and metal alcohols. The development of structures changes the laser ablation kinetics 
of the metallic targets and must be investigated in detail to manage the efficiency and rate of 
decontamination. Development of structures in liquid confined environment depends upon various 
parameters such as, radiant exposure, number of laser pulses, wavelength and laser fluence etc. 
Micro and nano-structures generated by this process reveals interaction of molten layer of the 
target surface with dense vapors. Such interactions are caused by hydrodynamical instabilit ies.  
The molten layer acts as a source for the development of micro/nano-structure and nano-particles. 
Considerable amount of work is reported on PLA by employing nanosecond and femtosecond laser 
in liquid confined environment.   
Patil et al. [80] synthesized metastable iron oxide at the solid-liquid interface, by using high power 
pulsed laser produced reactive quenching. Characterizations of oxide phase were performed by 
using Rutherford backscattering spectrometry, conversion-electron Mossbauer spectroscopy, X-
ray photoelectron spectroscopy and X-ray diffraction.  
Ogale et al. [41] investigated nitriding of iron in liquid ammonia by using Excimer laser. small
angle X  ray diffraction measurements and conversion electron Mossbauer spectroscopy 
demonstrate the transformation γ austenite to γ′  Fe4N upon thermal annealing.  
 KrF Excimer laser was employed to ablate solid substrates in water and ambient air [81]. Highly 
enhanced ablation rate was observed in water confinement regime at fluence range 2.0 to 5.0 J/cm2. 
To detect the production of audible acoustic waves a wide-band microphone was used during 
irradiation. For the acoustic waves, the recorded peak to peak amplitude was 25% higher in water 
confinement regime then measured in ambient air. With measurement of acoustic waves the 
ablation rate can be determined in real time by properly calibrating the ablation rate and first peak-
to-peak amplitude. In water confined regime, the plasma generated pressure was considered to be 
very high. The high pressure and temperature result in much higher ablation rates. To verify the 
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above assumption theoretical calculations were also carried out. Acoustic wave detection by proper 
calibration can be used for monitoring of laser ablation process.     
KrF Ecimer laser (25ns, 248 nm) was employed for micromachining of solid targets in the energy 
range of 100-480 mJ. Laser ablation drilling test was carried out on the solid targets in air and 
liquid confined environments. Optical, laser interference microscope and scanning electron 
microscopes were used to characterize the drilled samples. Enhanced ablation depth was found 
when laser fluence go beyond a certain threshold value (1.7 J/cm2) with the variation being 
nonlinear. The ablation depth was observed to increase with laser pulses. The difference between 
laser ablation in air and water confined environment were enumerated [82].  
Laser-induced backside wet etching (LIBWE) was carried out by employing femtosecond laser 
pulses with a pulse duration 600 fs to obtain sub-wavelength ripples on fused silica’s surface 
submerged in solution of pyrene in toluene. One-dimensional ripples were formed oriented parallel 
to the laser beam polarization, with period of about 140 nm for all pulse numbers (50– 1000 pulses) 
and fluences (0.33–0.84 J cm−2). The variations in the amplitude of ripples were owing to the 
inhomogeneous variations in the fluence in the laser spot. The fine harmony of the calculated and 
measured periods of ripples strongly supports a the interference phenomenon [83].  
Interaction of femtosecond laser with silicon was examined in air and water, after irradiation with 
130-fs laser pulses [84]. Under the water confined environment, lower ablation depths higher 
modification thresholds, and analogous incubation factors were observed in comparison to the 
experiments performed in air. Morphology of the laser-induced cavities was also different. The 
ablated material was remained in water and the obtained surface was free of debris. Underwater 
cavities obtained at high number of pulses and at higher fluences per spot demonstrated anomalous 
profiles, in agreement with laser beams spatial deformation. Formed ripples at the peripheries of 
the ablated area showed variable spacings: ~700 and ~100 nm for air and water experiments, 
respectively. Dissimilarities to the experiment performed in air were associated to complex 
grouping of non-linear effects that are dependent on fluence, taking place in the water layer, 
suspended ablated material and shielding effects produced by cavitation bubbles.  
PLA of aluminum in air and liquids with 1 ns, 800 nm pulsed laser was investigated. Enhanced 
material removal, approximately eight times during wet ablation as compared to dry ablation was 
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observed [85]. SEM images and pressure/optical reflectance detection were used to determine the 
wet damage threshold. During wet ablation, the development of explosive vaporization and 
numerically simulated temperature distributions were consistent with and close to the critical 
temperature of liquid. Development of enhanced pressure during vaporization of liquid and 
creation of jet may be responsible for enhanced ablation process. Convective motion of bubble 
caused the debris removal, enhanced coupling of energy and hygienic laser ablation process.  
The effect of overlapping laser pulses, dry and wet ambient environments on ablation performance 
of brass has been explored [51]. For this purposed Nd:YAG laser (150 mJ, 532 nm, 10 Hz, 6 ns) 
was employed. Ambient environment plays considerable role in surface and structural changes of 
brass. In liquid confined environment various features like micro and nanoscale periodic structures, 
cavities and thermal stress cracking were observed. Generation of these features was caused by 
thermal and chemical phenomena during laser induced heating at solidliquid interface.  Explosive 
boiling, convective bubble motion, pressure gradients, clusters and colloid formation, metal oxides 
and alcohol formed on irradiated surface due to liquid’s confinement effect are attributable to 
formation of such kind of  features. During dry ablation large sized crater were observed, 
representing huge mass removal. They concluded that wet ablation, due to its shielding effect and 
less energy deposition due to rapid cooling, acts as an efficient tool for micro and nano-structur ing 
of materials, while dry ablation shows efficient material removal on large scale.      
Pulsed copper vapor laser (0.51 mm) and pulsed Nd:YAG laser (1.06 mm) were used to irradiate 
copper, tungsten, brass and bronze targets in liquid (ethanol, water) confined environment [86]. 
The ejection of material in form of nano-particles in the surrounding liquid was observed. The 
surface morphology of the ablated targets were observed in definite range of parameters of laser, 
such as number of laser shots, fluence etc. Periodic surface structures in form of micro-cones were 
observed. The distance between adjacent micro-cones depends upon the laser spot size.   
Nd:YAG laser was employed to irradiate silver target to form dense array of nano-spikes [87]. The 
average density of nano-spikes was 1010 cm-2 and their height was measured to be 50 nm.  
Reflection spectroscopy in range of 200-600 nm was used to study the irradiated surface. The 
coloring of the irradiated surface was owing to plasmon oscillations of e- confined in the small 
lateral dimensions of nano-spikes. After oxidation in ambient environment of air, shifts to visib le 
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region is observed for the plasmon resonance of nano-spikes at 380 nm. After processing of 
oxidized surface in ammonium aqueous solution, initial spectrum of nano-spikes was recovered. 
The authors also discussed the nano-spikes usage for the observations of surface enhanced Raman 
scattering.       
Sasaki et al. [88] investigated laser ablation in water confined environment. Dense plasma was 
produced on the solid target surface immersed in liquid upon irradiation with intense laser pulses. 
The plasma formed by PLA in liquid-phase shows unique features, such as high temperature and 
pressure, which can never be realized by discharges in liquid-phase. Another distinctive feature is 
the formation of a cavitations bubble during liquid-phase laser ablation. The reported article gives 
basic ideas about liquid phase ablation plasmas, formation processes of nanopraticles and 
cavitations bubbles along with some applications of laser ablation.  
Q-switched Nd:YAG laser (6 ns, 532 nm) was employed to irradiate aluminum target in ambient 
environments of air and distilled water. Different number of laser pulses and fluences were used 
to irradiate the targets. Crater produced after irradiation was characterized for measurement of 
depth and width by using optical microscope. In terms of plasma shielding and ablation threshold 
the results were explained. The results demonstrate the strong dependence of crater geometry on 
the ambient environment, laser pulses and fluence [89].   
During laser processing in air, water is always present in form of condensate, vapors or adsorbate. 
In under water processing it acts as the working environment, but we can also add it according to 
the requirement:  to cool the material, to avoid re-deposition of debris, to conduct light or to 
increase plasma pressure. It can also shows chemical reagent properties [13].  
Development of surface nanostructures after laser irradiation of tungsten target in liquid confined 
environment has been investigated [56]. Different types of features were observed on the surface 
after irradiation, namely nanostructure and periodic ripples. The morphology and density of the 
features was observed by using field emission scanning electron microscopy. Thermionic emission 
of the nano-structured tungsten target was also investigated. Decrease in work function of the nano-
structured tungsten was observed than that of pristine surface.   
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Chapter 3  
Experimental Setup and characterization techniques  
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3.1 Introduction  
The principal aim of the present project was to study the effect of nanosecond and femtosecond 
laser pulses and ambient environments (air, ethanol, propanol and de-ionized water) on the surface 
morphology, chemical composition and crystallinity of Ti, Zr, and Ag metals after ablation. For 
this purpose surface, compositional and structural characterizations of various transition metals 
after irradiation with KrF Excimer laser (20 ns, 248 nm, 20 Hz) at a fixed fluence of 3.6 J/cm2 for 
various number of laser pulses ranging from 500 to 2000 has been performed. The first section of 
this chapter briefly describes the sample preparation process. The second section deals with the 
specific experimental setups used for exposing the targets with both the nanosecond and 
femtosecond lasers in air and liquids. Various diagnostic techniques like SEM, EDS, XRD and 
Raman spectroscopy have been used to explore the surface morphology, chemical composition 
and structural changes of laser ablated metals. The third section deals with the description of these 
characterization techniques.  
3.2 Sample Preparation  
The polished and refined surface preparation is an important step before irradiation. If the materia l 
is soft such as silver, the cutting of sample can be attained by using manual hacksawing. For hard 
matels, such as Ti and Zr, the smooth surface was obtained by using low speed diamond wheel 
cutter equipped with a thin diamond abrasive coated disk. Coolant is employed during cutting to 
maintain low temperature during cutting.      
SiC papers were used for grinding and polishing of both soft and hard samples. The samples were 
kept cool by continuous flow of water during grinding. To obtain flat scratch free surface, polishing 
of samples was done by employing rotating wheel provided with a cover of some special cloth and 
carefully sized abrasive particles. Finally diamond paste, magnesium oxide and chromium oxide 
abrasives are used. Synthetic polishing clothes, such as gamal and micro-cloth were also used. To 
remove any residual particles, the prepared samples are ultrasonically cleaned in acetone and de-
ionized water.   
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3.3 Experimental  Setup  
3.3.1 Experimental details for ablation in air and liquid confined environments 
(ethanol, propanol and de-ionized water) by employing nanosecond laser  
Nanosecond pulsed laser ablation of metallic materials was performed by employing KrF Excimer 
laser (EX 200/125-157 GAM Laser, USA) with the central wavelength of 248 nm, pulse duration 
of 20 nsec, pulse energy of 70 mJ and repetition rate of 20 Hz. The unfocused rectangular beam 
size is 11 mm x 7 mm. The beam is focused on the targets by using 50 cm focal length lens.   
Rectangular shaped Ti targets with dimensions of 15 mm x 8 mm x 2 mm were grinded, polished 
and ultrasonically cleaned with acetone for 30 min. The prepared targets were placed in rectangular 
shaped quartz cuvette with height of 45 mm and width of 10 mm with the help of target holder. 
The schematic of the experimental setup is shown in figure 3.1.  
 
  
Figure 3.1: The schematic diagram of experimental setup  
  
The nanosecond pulsed laser ablation experiments of Ti, Zr and Ag were performed in dry and wet 
ambient environments at a fixed fluence of 3.6 J/cm2, for various number of laser pulses, i.e. 500, 
1000, 1500 and 2000. Above the sample surface, the thickness of the layer of liquid was about 4 
mm. Focusing of the laser beam in the bulk liquid will result in the absorption of laser pulses within 
the liquid, which creates heavy splashing. These effects change the position of the liquid surface 
with respect to the laser focus and diverges the laser beam. Moreover, the liquid vaporizat ion 
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during the pulsed laser ablation process generates shock waves that create aerosols above the liquid 
surface. Moreover, it comes into view that laser pulses stimulate waves on liquid surface and may 
induce bubbles inside the liquids that are transparent at the laser wavelength. These bubbles will 
reach the surface being exposed and play vital role in the removal of ablation debris. To avoid the 
vaporization and aerosol formation, circulation of the liquid flow can play a vital role. It will 
remove bubbles from the focal volume and allow the laser beam to reach the target surface. To 
overcome the problems of splashing during ablation of solid material placed inside liquid, the laser 
beam should be focused 0.5 to 1 mm inside the sample surface or place the target before/away the 
laser focus. Use a liquid jet during ablation instead of bulk liquid can also be a solution for the 
problems of splashing and vaporization. To minimize the problems of splashing and the 
vaporization of liquid, all experiments were performed by keeping targets at a distance of 5 cm 
before focus. For nanosecond laser ablation following three set of experiments were performed. 
Each experiment consists of three to four parts.   
Experiment 1:  
Nanosecond laser ablation of Ti in various environments of  
(a) Air           (b) Ethanol  
(c) Propanol          (d) De-ionized water  
Experiment 2:  
Nanosecond laser ablation of Zr in various environments of  
(a) Air           (b) Ethanol  
(c) Propanol          (d) De-ionized water  
Experiment 3:  
Nanosecond laser ablation of Ag in various environments of  
(a) Air           (b) Ethanol  
(c) De-ionized water  
In case of liquid assisted ablation for each exposure, quartz cuvette was filled with fresh liquid in 
case of ethanol, propanol and de-ionized water.   
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3.3.1.1 Measurement of absorption co-efficient for ethanol, propanol and de-ionized water  
For 248 nm wavelength, the percentage laser energy absorption was experimentally measured and 
it comes out to be 12% for ethanol, 6% for propanol and 2% for de-ionized water. Beer- 
Lambert Law  [90] was employed to evaluate the absorption co-efficient. Where 
the intensity of incident beam (W/m2),  is the absorption co-efficient (m-1) and x is the thickness 
of liquid film. The value of absorption co-efficient has been evaluated for ethanol, propanol and 
de-ionized water, which come out to be 3.19 x 10-2/mm for ethanol, 1.5 x 10-2/mm for propanol 
and 5.05 x 10-3/mm for de-ionized water.    
3.3.2 Experimental details for ablation in air and liquid confined environments 
(ethanol, propanol and de-ionized water) by employing femtosecond laser  
Chirped Pulse Amplified (CPA) Ti: sapphire laser amplifier seeded from a mode locked Ti: 
Sapphire oscillator was used for the ablation of transition metal targets. The system was operating 
at central wavelength of about 800 nm, pulse duration of about 30 fs and repetition rate of 1 KHz. 
The Gaussian beam was focused through a lens of focal length 20 cm. Rectangular shaped targets 
of Ti, Zr and Ag of dimensions of 8 mm × 8 mm × 2 mm were grinded, polished and ultrasonica l ly 
cleaned with acetone for 30 minutes before irradiation.   
All three targets Ti, Zr and Ag were irradiated in dry and wet ambient environments at a fixed 
fluence of 3.6 J/cm2, for various number of laser pulses, i.e. 500, 1000, 1500 and 2000.  
Experiments for femtosecond ablation were performed exactly under the same parameters as have 
been employed for nanosecond laser ablation. The thickness of the liquid layer above the targets 
was also kept same i.e. 4 mm.  
For femtosecond laser ablation following three set of experiments were performed.   
Experiment 1:  
Femtosecond laser ablation of Ti in various environments of  
(a) Air           (b) Ethanol  
(c) Propanol          (d) De-ionized water  
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Experiment 2:  
Femtosecond laser ablation of Zr in various environments of  
(a) Air            (b) Ethanol  
(c) Propanol           (d) De-ionized water  
Experiment 3:  
Femtosecond laser ablation of Ag in various environments of  
(a) Air           (b) Ethanol  
(c) Propanol          (d) De-ionized water  
3.3.2.1 Measurement of absorption co-efficient for ethanol, propanol and de-ionized water  
For 800 nm wavelength, the percentage laser energy absorption was also measured and it come out 
to be 4.14% for ethanol, 2.76% for propanol and 2.07% for de-ionized water. By using following 
equation of Beer-Lambert Law  [90] the value of absorption co- 
efficient has been evaluated for ethanol, propanol and de-ionized water, which comes out to be 
1.0570 x 10-2 mm-1, 1.02 x 10-2/mm and 7.6 x 10-3/mm for ethanol, propanol and de-ionized water, 
respectively.  
It is important that the value of absorption co-efficient measured for femtosecond laser (800 nm, 1 
KHz, 30 fs), for all liquids (ethanol, propanol and de-ionized water), is smaller than the values 
observed for nanosecond lasers (248 nm, 20 Hz, 20 ns). This difference in absorption co-effic ient 
is attributable to the difference in wavelength of the incident pulses.  
3.4 Characterization Techniques  
The surface morphology of ablated targets was investigated using Scanning Electron Microscopy 
(SEM-JEOL JSM-6480 LV) and (FEI Quenta FEG 200). Energy Dispersive X-Ray Spectroscopy 
(EDS-S3700N) and (FPGA-4035) were used for chemical analysis. X-Ray diffractometer  
(X’Pert PRO MPD) and Raman spectroscopy (Dongwoo Optron, MSS-400A) were employed to 
determine the crystallographic structure and chemical changes.   
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3.4.1. Scanning Electron Microscopy (SEM)   
SEM (SEM-JEOL JSM-6480 LV) was employed to explore the surface morphology after 
irradiation. It is one of the extensively employed, versatile diagnostic techniques that allow both, 
the study of the surface morphology and composition of physical and biological materials. In SEM, 
fine electron beam of energy ranging up to 40 KeV is scanned over the surface of sample across 
parallel line pattern. Under the electron’s impact a number of phenomenon take place, most 
important of which is the secondary electrons emission with energies of few tens of eV and re-
emission or reflection of the backscattered electrons. The emission intensity of both the 
backscattered electrons and secondary electrons strongly depends upon the incident angle of 
electron beam i.e. the topographical features of the material placed inside the microscope. The 
amplifier collects the emitted electron current. There is thus a direct correspondence between 
scanning of the electron beam across the specimen and the fluorescent image on the cathode ray 
tube.  
The ratio among the field scanned on the specimen and size of the final image displayed on the 
screen defines us the magnification produced by microscope. Magnification from 10 to 400,000, 
with resolving power between 4 to 10 nm is possible [91, 92].   
  
3.4.2. Energy dispersive X-ray spectroscopy (EDS)  
The elemental composition was identified by using the EDS (EDS-S3700N and FPGA-4035) 
technique. The EDS system is a part of SEM which can’t function on its own.   
When beam of electrons is made to fall on the target placed inside SEM, ejection of inner shell 
electrons generate vacancy and to fill that vacancy an electron from higher energy state jumps to 
fill that vacancy and radiate energy in form of X-rays. The energy of the emitted X-rays depends 
upon the energy difference among the two energy states. During transfer from higher to lower 
energy state each atom of certain element emits energy different from the other elements presents 
on that target. By examining the emitted energy we can easily identify the presence of certain 
element in the target.   
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The EDS spectrum is the output of the EDS spectrometer. EDS spectrum shows the frequency of 
receipt of X-rays for certain energy level. It displays peaks representing the energy levels 
corresponding to the received X-rays. Each peak represents the presence of a corresponding 
element. The height of the peak corresponds to the concentration of that element in the spectra.   
3.4.3. X-Ray Diffractometer (XRD)   
X-ray diffraction (X’Pert PRO MPD) is a versatile and non-destructive analytical method for 
recognition and quantitative determination of a variety of crystalline compounds present in the solids 
and powders, identified as ‘phases’. The main aim to utilize this technique is to identify various phases 
of metallic oxides, carbides and hydrides. In X-ray diffraction (XRD), crystalline phases present in the 
specimen diffracted the incident collimated X-rays beam. The diffracted X-rays intensity is calculated 
as a function of the specimen’s orientation and the diffraction angle. To identify the structural 
properties and crystalline phases of the specimen this diffraction pattern is used. XRD can be utilize d 
to determine phases and crystal structure and to identify the unknown substances. It can investigate 
trace elements, crystal imperfections, phase transformation and can evaluate grain size and mechanical 
stresses after ablation in dry and liquid confined environments.  
The plot of the intensities and angular positions of the diffracted radiation peaks generates 
characteristics pattern of the sample. The characteristic pattern obtained is called the XRD 
diffractrogram, showing phases present, crystallite size, phase concentration, and strain. For any 
crystalline material planes can be found on various positions each with its own specific dspacing.   
3.4.3.1 Debye Scherrer formula for evaluation of crystallite size   
Debye Scherrer Formula is employed to calculate the crystallite size of any plane developed during 
pulsed laser irradiation process [93]  
  
K is a dimensionless shape factor, with a value of about 0.9, λ is the wavelength of incident Xray, 
FWHM is the line broadening at half the maximum and θ is the Bragg angle.   
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It is clear that crystallite size is inversely proportional to full width at half maximum of any plane 
which is equal to the half of the difference between two extreme angles of any planes and is usually 
measured in radian inside the XRD patterns and can be written as  
 
where are extreme angles of the planes.  
3.4.3.2 Residual Strain and Stress  
The residual stresses are generated in the specimen after pulsed laser irradiation. These are of two 
types (i) tensile and (ii) compressive. XRD analysis provides us information about the laser 
produced stresses in the surface of the target. The down or up shifting of the diffraction peaks 
corresponds to the presence of stresses. The up shifting or peak shift to higher angular position 
represents the presence of compressive residual stresses which are produced due to ion 
implantation. Whereas, down shifting or peak shift to lower angular position represents the 
presence of tensile stresses generated due to thermal shocks developed during irradiation. Such 
residual stresses may alter the surface properties of the target like magnetic, electrical, 
morphological, structural, and mechanical.   
The developed strain in the irradiated surface due to down and up shifting of the diffraction peaks 
from their corresponding stress free data is calculated by using the following relation [94].  
  
Where d is the interplaner spacing, ) represents the developed strain (  ). Strain can also be  
calculated by using following relation [95]  
                            (3.4)  
Where,    is the wavelength of incident radiation and ‘D’ is the crystallie size.  
Residual stresses produced in the surface can be calculated by multiplying the above stain value 
with Young’s modulus [95]   
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                                          (3.5)  
Where  represents the stress,  is the strain induced after irradiation and E represents the Young’s 
modulus of the material. 3.4.4. Raman Spectroscopy  
By this technique one can identify the crystallogrphical, chemical and structural changes, like 
amorphization, crystallization [96], bond weakening, breaking, polymerization, and cross linking 
for irradiated targets [97]. It can also reveal the distribution of laser-induced stresses of the 
irradiated materials [98]. In order to explain compositional changes after irradiation and to identify 
the formation of new bands e.g. metallic oxides, hydrides and carbides, Raman spectroscopy is 
performed. Raman spectrometer (Dongwoo Optron, MSS-400A) was utilized for Raman 
spectroscopy analysis. He-Ne laser is employed as an excitation source with 8 mW power, at 622.8 
nm. A 20x objective lens is employed for focusing of the laser beam, resulting in a focused beam 
spot size of ~20 m. The spectral data was collected at preset grating location and gathered by 
employing an air-cooled CCD camera. It is a non-invasive, non-destructive technique with no need 
of sample preparation and provides quantitative and qualitative data. The majority of the photons 
were elastically scattered during interaction with laser due to Rayleigh scattering. In this 
phenomenon, the released photon has wavelength similar to the wavelength of the primary 
absorbed photon. The Raman effect is the basic principal of Raman spectroscopy, which can be 
defined as the photon’s inelastic scattering by the molecules. Raman Effect consists of a minute 
fraction (1: 107) of the incident photons.   
In Raman scattering, the scattered and incident photons have dissimilar energies. The scattered 
radiation energy is smaller than the energy of incident radiation for the Stokes. The energy and 
line of the scattered ray is larger compared to the incident radiation for the anti-Stokes line. The 
decrease or increase of the energy from the excitation is associated to the vibrational energy 
spacing in the ground state of the molecule and therefore, the Stoke’s wave number and antiStokes 
lines are a direct evaluation of the vibrational energies of the molecule. Vibrational energies of 
molecules can be measured by using Raman spectroscopy therefore, for a Raman active transit ion; 
there must be an alteration in polarizability of the molecule.   
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CHAPTER 4  
  
Results and Discussion  
  
This chapter demonstrates the evaluated experimental results after nanosecond and femtosecond 
laser irradiation of different metals (Ti, Zr and Ag). First part of this chapter deals with ablation 
mechanisms of three metals in air and liquid confined environments by employing nanosecond 
laser. Second part of this chapter deals with the femtosecond laser induced ablation mechanisms 
of three metals in air and liquid confined environments.  
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Part (A)  
4.1 Nanosecond laser ablation of metals in dry and liquid confined 
environments  
Surface structures of the irradiated metals are investigated by SEM analysis. EDS and XRD 
analysis are performed to correlate the growth of microstructures with the structural and chemica l 
changes produced over the surface due to enhancement of chemical reactivity of Zr, Ti and Ag 
with the ambient environment after irradiation with both nanosecond and femtosecond lasers. The 
basic aim of this work is to investigate the primary physical mechanisms that determine the realistic 
effectiveness of employing lasers for the ablation and modification of metals in different ambient 
environments.  
It is necessary to evaluate the focused laser beam size and fluence. For the calculation of fluence 
for nanosecond laser, the laser energy was measured by using energy meter (843-R-USB) and a 
single Excimer laser pulse was focused through a 50 cm focal length lens on the target surface to 
determine the spot size. The length and width of focused rectangular beam falling at the target 
surface was measured by using SEM scale bars for single pulse irradiation. By using the following 
formula the beam area was calculated   
Beam Area (A) =  length x width  
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The fluence was calculated by using the following equation  
        4.1  
Where, E is the energy from the laser (70 mJ) and A is area of the focused laser spot (0.019 cm2). 
The laser fluence of 3.6 J cm-2 has been evaluated corresponding to energy of 70 mJ. Results of 
nanosecond laser irradiated targets are discussed below.  
  
  
4.1.1 Nanosecond laser ablation of Ti in dry and liquid confined 
environments   
4.1.1.1 SEM Analysis   
SEM images of figure 4.1 reveal the surface morphology of overall (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l) of Ti samples after irradiation in ambient 
environment of air for various number of laser pulses i.e. 500, 1000, 1500 and 2000.  
SEM images of figures 4.1(a-d) represent the morphology of the overall ablated areas after 
irradiation in an ambient environment of air for various number of laser pulses i.e. (a) 500, (b) 
1000, (c) 1500 and (d) 2000. Non-uniform ablated area is formed with Heat Affected Zone (HAZ) 
of ~1.97 mm x 0.98 mm (length x width). Accumulation of re-solidified material can be clearly 
seen at the peripheral ablated area. Increase in number of laser pulses up to 2000, shows an increase 
in the size of HAZ up to ~2.36 mm x 1.18 mm, as shown in figures 4.1(b-d).  
SEM images of figures 4.1(e-h) reveal the central ablated areas of Ti in an ambient environment 
of air for various number of laser pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. They 
demonstrate the appearance of grains with diffused boundaries. Cavities and cracks are also 
observed along the grain boundaries. No significant difference in the surface morphology of the 
grains is observed from figures 4.1(e-h) for increasing number of pulses up to 2000. However, 
both the size and number density of cavities and cracks decreases with increasing number of laser 
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pulses up to 1500. Increase in density and width of cracks is observed with further increase in 
number of laser pulses up to 2000.   
SEM images of figures 4.1(i-l) show the peripheral ablated area of Ti samples after irradiation in 
an ambient environment of air. Fine grains with distinct and wider boundaries are observed for 500 
laser pulses. Increasing number of pulses up to 1000 (figure 4.1j), shows diffused grains in the 
back ground but re-solidified material covers all the grains by forming a layer of melted material. 
This melting and re-solidification increases significantly with increasing number of pulses up to 
2000 (figure 4.1l). The presence of re-deposited material in the form of droplets is also seen in the 
inset of figure 4.1(l). The droplets are attributable to hydrodynamical sputtering [99].  
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Figure 4.1: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of air, for various number of nanosecond laser pulses of 500, 1000, 1500 and 
2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated areas 
(e-h) and magnified peripheral ablated areas (i-l).  
The increase in area of HAZ is due to the fact that first few pulses alter the roughness of the target 
surface and improve the absorption of the surface. The next pulses interact with enhanced 
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absorptive target and consequently the area of HAZ is increased [89]. The shock-wave propagation 
and the recoil momentum offered by the vapor plume expulsion cause the surface depression in 
the central ablated area and generate the shoulder at the periphery. When a very small surface area 
of a target is irradiated by intense laser pulses, a tremendously high-pressure and high-tempera ture 
region is formed and a high-density ablation plume is created which expands into the ambient air. 
Further expansion of the plume front compresses the ambient air and rapidly decelerates, 
developing a strong external shock wave which propagates in radially outward direction. Initia l ly 
highly heated and low density background region behind the strong expanding shock front flows 
back into the inner region. When the shock weakens and the inner gas cools by conduction and 
radiation, this inward flow efficiently drags and re-deposits the debris particles of the plume onto 
the target surface. The heat generated during laser irradiation is responsible for growth of grain 
like structures [100]. The formation of grain-like surface structures involves two mechanisms: (i) 
melting and recrystallization of metal resided in the irradiated zone and (ii) cooling and 
crystallization of metal transferred by hydrodynamic forces owing to intense boiling [101]. The 
molten metal is ejected from the central irradiated area and cools on a relatively colder target area. 
Thus, the surface and undersurface layers exhibit residual thermal tension and compression 
stresses, respectively. The high rates of heating and cooling result into the tremendous temperature 
gradients. This is related to the local heating, and the plasma-dynamic flows. This is responsible 
for the generation of residual stresses in the surface layer e.g. the deformation owing to the action 
of the shock waves. The localized heating also generates thermal and structural stresses related to 
the changes in volume accompanying the phase transformations. The localized heating and cooling 
results in preferential crystallization, grain growth process and texture development [101]. The 
number of overlapping pulses, heating and environmental conditions are therefore the controlling 
parameters for the size and orientation of grain growth [101]. Observed cavities are formed by the 
liberation of melted material or adsorbed gases beneath the surface during laser irradiation, due to 
volume boiling [102]. Refilling of cavities by shock liquefied and melted material causes the 
reduction in the number density and size of cavities.  
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Figure 4.2: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of ethanol, for various number of nanosecond laser pulses of 500, 1000, 1500 
and 2000, at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
Figure 4.2 represents the surface morphology of Ti after irradiation in ethanol environment for 
various number of laser pulses. Images of figures 4.2(a-d) represent the morphology of the overall 
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ablated area of Ti samples after irradiation in an ambient environment of ethanol for various 
number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. The modified surface 
morphology of the ablated area is of dimensions ~ 2.16 mm x 0.98 mm and is obtained after 
irradiation with 500 laser pulses (figure 4.2a). The surface is much smoother, diffused and less 
distinct compared to those produced in ambient air. Amount of redeposited material is reduced 
significantly across the ablated area as compared to air environment. Images of figure 4.2(a-d) 
show no change in size of the ablated area with increase in number of laser pulses from 500 to 
2000.    
SEM images of figures 4.2(e-h) represent the magnified surface morphology of central ablated area 
of Ti samples after irradiation in an ambient environment of ethanol for various number of laser 
pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. Figure 4.2(e) shows the SEM image of laser 
irradiated Ti exposed to 500 accumulative laser pulses. It reveals grain growth with well defined 
and distinct boundaries. The presence of pores is also seen across the grain boundaries. The 
increase in number of laser pulses up to a value of 1000 (figure 4.2f) causes increase in the number 
density of pores whereas, the grain boundaries becomes more distinct and wider. Further increase 
in number of pulses up to 1500 causes the reduction in grain size with diffused grain boundaries 
as seen in figure 4.2(g). Increase in number of laser pulses up to 2000 (figure 4.2h) makes grain 
boundaries more distinct and wider along with an increase in the grain size.   
SEM images of figure 4.2(i-l) show the peripheral ablated areas of Ti samples after irradiation in 
an ambient environment of ethanol.  Similar to the central ablated area, granular morphology is 
observed at the peripheral ablated area. The size of grains is smaller and the grain boundaries are 
more diffused. Increase in number of pulses shows no significant effect on the morphology of the 
peripheral ablated area.    
The liquid has played considerable role in the ablation of Ti by effectively cooling the target and 
preventing the unnecessary heat accumulation after laser irradiation. This may be a reason that no 
change in size of the ablated area in liquid is observed. Rapid temperature rise during laserinduced 
plasma expansion/formation generates bubbles in the liquid. The bubble motion is responsible for 
the removal of ablated particles and hence no re-solidification on the target surface is observed in 
case of liquid environment.   
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Figure 4.3: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of propanol, for various number of nanosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
Reduction in size and enhanced density of grains with increasing number of laser pulses is due to 
the breakup of larger grains into smaller ones, after laser irradiation during re-solidificat ion, 
thereby increasing their density as shown in figures 4.2(e-g) . The phenomenon of reduction of 
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grain size may also be associated to precipitates and particulates with formation of new  phases 
that hinder the further grain growth [103]. The larger grains grow at the expense of smaller ones 
for 2000 laser pulses (figure 4.2h) [104]. The melting point of central part of grains is usually 
higher than that of grain boundaries [105]. This is the main cause of heaving and caving of grain 
boundaries for various number of pulses.   
The bubble nucleation sites generated by boiling of molten liquid causes the formation of pores 
inside the grains [67]. More clear, distinct and wider grain boundaries are attributable to diffus ion 
of oxygen/hydrogen across the grain boundaries [100]. During re-crystallization after melting, 
enhanced reaction between the molten metal and reactive environment causes dissemination of 
oxygen into the surface, which causes distinct and wider grain boundaries [106].    
SEM images of figure 4.3 represent the surface morphology of Ti after irradiation in propanol 
environment for various number of laser pulses. Figures 4.3(a-d) represent the morphology of the 
overall ablated area of Ti samples after irradiation in an ambient environment of propanol for 
various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. The ablated area of 
dimensions 2.36 mm x 1.05 mm is produced in propanol. It is larger than those produced in air and 
ethanol. With increase in number of laser pulses from 1000 up to 2000, wavy and spiral shaped 
modified morphology is observed with increased size up to 2.49 mm x 1.38 mm as observed in 
figures 4.3(b-d).  
SEM images of figures 4.3(e–h) represent the magnified view of the central ablated area of the Ti 
samples after irradiation in propanol environment for various number of laser pulses of (a) 500, 
(b) 1000, (c) 1500 and (d) 2000. At the central ablated area compact and high density globular 
grain like structures are observed with distinct grain boundaries at 500 number of laser pulses 
(figure 4.3e). For increasing number of laser pulses up to 1500, grain size significantly increases 
as shown in figures 4.3(f-g). The grain boundaries also become more clear, distinct and wider. For 
2000 overlapping pulses (figure 4.3h), grain size increases further. The grain boundaries become 
more distinct and wider with the appearance of large number of pores and cracks along the grain 
boundaries.  
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Figure 4.4: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of de-ionized water, for various number of nanosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
SEM images of figures 4.3(i-l) represent the morphology of the peripheral ablated area of Ti 
samples after irradiation in ambient environment of propanol for various number of laser pulses 
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i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. At the peripheral ablated areas shown in figures 4.3(i-
l), round shaped globules with wider boundaries are observed. For 500 pulses (figure 4.3i) the 
pronounced uplifting of globules is clearly seen. The number density of globules increases with 
increasing number of pulses up to the range of 1000 (figure 4.3j). The number density decreases 
and widening between the grains increases with increasing number of pulses up to 1500 (figure 
4.3k). For 2000 number of laser pulses (figure 4.3l) diffused grains alongwith cracks and cavities 
are observed. Hence, similar trend is observed for both the central and peripheral ablated areas 
with increasing number of pulses.  
SEM images of figure 4.4 represent the surface morphology of Ti after irradiation in de-ionized 
water environment for various number of laser pulses. Figures 4.4(a-d) represent the morphology 
of the overall ablated areas of Ti samples after irradiation in an ambient environment of deionized 
water for various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. The ablated 
area (2.23 mm x 1.11 mm) produced in de-ionized water is much larger than those produced in 
case of air, ethanol and propanol. With increase in number of laser pulses up to 2000, as shown in 
figures 4.4(c-d), increase in size of ablated area is observed up to 2.89 mm x 1.44 mm.   
SEM images of figures 4.4(e–h) reveal magnified central ablated areas of Ti after irradiation in an 
ambient environment of de-ionized water for various number of pulses i.e. (a) 500, (b) 1000, (c) 
1500 and (d) 2000. Figure 4.4(e) represents the development of grains with wide and distinct 
boundaries for 500 accumulative number of pulses. Pores and cracks are also seen across the grain 
boundaries. For increasing number of pulses up to 1000, grain size increases and grain boundaries 
becomes diffusive with reduction in number density of pores (figure 4.4f). For further increase in 
number of laser pulses up to 1500, grain size increases along with the appearance of cracks and 
pores on the grains and more diffused grain boundaries (figure 4.4g). For 2000 number of laser 
pulses significant decrease in size and increase in the compactness with increase in number density 
of grains is observed (figure 4.4h).   
SEM images of figures 4.4(i-l) represent the morphology of the peripheral ablated areas of Ti 
samples after treatment in de-ionized water for various number of laser pulses i.e. (a) 500, (b) 
1000, (c) 1500 and (d) 2000. Due to difference of transformation of energy from central ablated 
area to boundary transitional stage of grain growth is observed for 500 number of laser pulses. 
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Increase in grain size is observed with increasing number of laser pulses. For 2000 laser pulses 
grain size is maximum and grain boundaries become diffusive and wider due to more diffus ion 
[106].  
Comparison of the dry and wet media shows significant dissimilarities in surface morphology of 
ablated Ti. Shallow but large size craters are observed in case of wet ablation. Dry ablation shows 
redeposited material at the peripheries, whereas, no redeposited material is observed at the 
periphery in case of wet ablation. Large sized diffused grains are observed in case of dry ablation, 
whereas, in case of wet ablation small size well defined grains with distinct grain boundaries are 
observed. This difference in the grain growth is attributable to the confinement effects of the 
liquids.   
Comparison of the three wet media (ethanol, propanol and de-ionized water) shows significant 
dissimilarities. The overall abated area in case of ethanol is diffused in appearance while, the 
ablated area produced in case of propanol is distinct and larger in size than ethanol, showing a 
wavy and spiral shaped modified morphology. The ablated area produced in case of de-ionized 
water is much larger in size and diffused as compared to both ethanol and propanol media. Granular 
morphology is observed at both the central and peripheral ablated areas for all three media i.e., 
ethanol, propanol and de-ionized water. In case of ethanol and de-ionized water grains are observed 
with distinct and well defined grain boundaries alongwith development of pores and cracks across 
the grain boundaries. Whereas, in case of propanol compact and high density globule like grains 
are seen. Different energy absorption co-efficient of propanol (1.02x10-2/mm) than ethanol (1.0570 
x 10-2 mm-1) and water (7.6 x 10-3/mm) may cause difference in the surface morphology of Ti after 
ablation in all three media. Formation of wavy and spiral shaped modified morphology at the 
overall ablated area and globule like grains at both the central and peripheral ablated areas in case 
of propanol can be assigned to the formation of excessive hydrides which are totally absent in case 
of air and are present in small amount in case of ethanol and de-ionized water.   
4.1.1.2 EDS Analysis   
Energy Dispersive X-ray Spectroscopy (EDS) is performed for chemical analysis of unirradia ted 
and irradiated Ti targets. Unirradiated sample shows following contents: Ti ~84.19 wt.%, balanced 
to 100% by Zr (~1.13 wt.%), C (~5.57 wt.%), Al (~6.17 wt.%) and V (~2.94 wt.%).   
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Table 4.1: The comparative EDS analysis of the unirradiated and central ablated areas of Ti targets 
after nanosecond laser irradiation at a fluence of 3.6 Jcm-2, wavelength of 248 nm, pulse duration 
of 20 ns and repetition rate of 20 Hz for 1000 pulses under ambient environments of air, ethanol, 
propanol and de-ionized water.   
Elements  Untreated 
(wt.%)  
Air  
(wt.%)  
Ethanol 
(wt.%)  
Propanol 
(wt.%)  
De-ionized Water 
(wt.%)  
Ti  84.19  52.94  61.51  67.41  60.00  
Zr  1.13  ----  0.49  0.57  ----  
Al  6.17   1.13  3.05  4.79  3.53  
V  2.94  ----  2.89  1.16  2.89  
C  5.57  5.05  2.81  3.42  2.06  
O  ----  32.14  29.25  22.65  31.52  
N  ----  8.74  -----  ----  ----  
  
Table 4.1 shows the variation in contents at the central ablated area of laser irradiated targets in 
air, ethanol, propanol and de-ionized water mediums. Reduction in content of aluminum is 
observed in case of ablation in air. Reduction in content of aluminum is accredited to some extent 
of evaporation after irradiation due to its low evaporation temperature. Furthermore, complete 
removal of zirconium and vanadium is also observed for air ambient. Zr and V may still be there 
in the target but due to oxidation and nitridation the relative percentage of these elements has 
reduced. The EDS has sensitivity limit and if the relative percentage of certain element fall below 
certain percentage than they may not be detected/presented by EDS quantitative analysis software. 
The cavities observed in case of dry ablation represented in Figure  
2(a–d), can be attributable to reduction of aluminum and complete removal of zirconium and 
vanadium [107]. For ablation in ethanol, propanol and de-ionized water mediums, a decrease in 
content of aluminum, zirconium and vanadium is observed. Increase in content of oxygen is 
observed for all mediums i.e. air, ethanol, propanol and de-ionized water while in case of air 
ablation increase in content of nitrogen is also observed. Heating of Ti surface by overlapping 
pulses diffuses oxygen/nitrogen into the target surface efficiently, therefore causing the formation 
of nitrides and oxides [100].   
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4.1.1.3 XRD Analysis:   
X-ray diffraction technique is employed to identify variation in crystallinity and residual stresses. 
Figure 4.5(a) shows the XRD patterns of un-irradiated and laser irradiated Ti targets. New phases 
of Ti nitride: TiN (111); Ti oxides TiO2 (004), Ti3O (−1−12), Ti6O (304) and Ti6O (−2−22) are 
observed along with the original phases of Ti after irradiation in ambient environment of air.  
Crystallite size is evaluated for TiO2 (004) plane reflection by using Sherrer’s formula [108].  
    4.1  
Where D is crystallite size,  is the wavelength of x-rays (1.542 Å), FWHM is full width at half 
maximum, and θ is the angle of diffraction. The residual strains are evaluated by using following 
relation [95, 108]  
         4.2  
Where d is the observed and d0 is the standard plane spacing and ε is the induced strain. The 
induced stresses are calculated by the relation given below [95]  
        4.3  
Where ε is the induced strain, E is the Young’s modulus, for TiO2 and its value is 282.76 GPa 
[109].   
Peak intensity of TiO2 (004) plane reflection (figure 4.5a) increases with increase in number of 
laser pulses up to 2000. The increase in the peak intensity is due to increased diffusion of oxygen 
into the surface of Ti  [100] and enhancement of diffraction of X-rays from target [95].   
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Figure 4.5: (a) XRD patterns of unirradiated and nanosecond laser irradiated Ti samples (b) The 
variation in the crystallite size and residual stresses, under an ambient environment of air for 
various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
The crystallite size increases (figure 4.5b) with increasing number of pulses up to 1500. For further 
increase in number of pulses up to a value of 2000, a decrease in crystallite size is observed. The 
initial increase in crystallite size is due to atomic diffusion across the grain boundaries [104, 108]. 
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Interstitial diffusion of oxygen atoms/ions induces microstrain defects and these induced defects 
cause reduction in the crystallite size [110].   
The compressive stresses are produced by high pressures (GPa) (volumetric absorbed energy) and 
compressive waves, while the generation of tensile residual stresses are attributable to 
laserproduced thermal shocks and rarefaction waves at the target surface [33]. At 500 accumulated 
laser pulses, tensile residual stresses are dominant (figure 4.5b). This is the main reason for 
appearance of large sized crakes and cavities (figure 4.1e) [111]. With increasing number of pulses 
from 500 to 1000 and 1500, relaxation in tensile stresses is observed. This can be due to annealing 
effect after increasing multiple laser-irradiations. The defects and stresses produced by init ia l 
pulses are annealed and relaxed after successive pulses.   
These results are well correlated with change in the surface morphology of figures 4.1(f-g). In 
which reduction in size and number density of cavities and cracks is observed for 1000 and 1500 
pulses [95]. When number of pulses are increased to the value of 2000, thermally induced shocks 
result into increasing tensile residual stresses. The enhanced effects of thermal shocks and stresses 
cause pronounced thermal stress cracking which is observed in figure 4.1(h) [95].  
Figure 4.6(a) shows the XRD patterns of un-irradiated and laser irradiated Ti targets after 
irradiation in ambient environment of ethanol. New phases of Ti oxide: TiO2 (004), (111), (310); 
and Ti hydride TiH2 (311) are observed along with the original phases of Ti. The variation in the 
crystallite size and residual stresses induced in Ti samples after irradiation with various number of 
laser pulses, evaluated for TiO2 (004) plane reflection is plotted in figure 4.6(b).   
Both peak intensity (figure 4.6a) and crystallite size (figure 4.6 b) of TiO2 (004) plane reflection 
slightly decreases with increase in number of pulses up to 1000. Further increase in number of 
laser pulses up to 1500 causes a minor increase in peak intensity and crystallite size of TiO 2 (004) 
plane reflection. For 2000 number of laser pulses again a decrease in peak intensity and crystallite 
size is observed. Initial decrease in peak intensity is due to re-crystallization of the irradiated 
sample after melting and re-solidification, which results in an increase in FWHM and decrease in 
peak intensity [112]. The increase in peak intensity for higher number of laser pulses i.e. 1500, is 
attributable to enhanced atomic diffusion across the grain boundaries and crystal growth [95]. For 
2000 number of laser pulses decrease in peak intensity is attributable to enhanced diffusion of O2 
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into the substrate surface. Enhanced diffusion of O2 results in the development of defects, lattice 
distortion, and formation of nano-crystallites that leads to broadening of the peaks and decrease in 
crystallite size [112].  
 
Figure 4.6: (a) XRD patterns of unirradiated and nanosecond laser irradiated Ti samples (b) The 
variation in the crystallite size and residual stresses, under an ambient environment of ethanol for 
various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
The variation in residual stresses with increasing number of laser pulses is plotted in figure 4.6(b). 
With increasing number of laser pulses from 500 to 1000, an increase in compressive residual 
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stresses is observed. Further increase in number of pulses up to 1500 a relaxation in compress ive 
residual stresses is observed.   
For 2000 number of pulses maximum compressive stresses are seen. Increase in compressive 
residual stresses is attributable to decrease in crystallite size and vice versa [103]. The 
crystallographic modifications of the material are well interrelated with the surface morphologica l 
evolution of grain growth and well defined distinct grain boundaries after irradiation for various 
number of laser pulses.   
For 500 accumulative laser pulses (figure 4.2e) well defined distinct grain boundaries are observed, 
which become wider and distinct with increase in number of laser pulses up to 1000 (figure 4.2f). 
The melting of the target takes place during laser irradiation, which activates reaction between the 
oxygen and the molten surface. During the recrystallization process oxygen is diffused into the 
surface. Enhanced diffusion of O2 results in the development of defects, lattice distortion, and 
formation of nano-crystallites that results in decrease in crystallite size along with distinct and 
wider grain boundaries and enhanced compressive stresses [106, 112]. Further increase in number 
of laser pulses up to 1500 (figure 4.2g), the grain size reduces and grain boundaries become 
diffusive. This is attributable to decrease in compressive residual stresses. For 2000 number of 
laser pulses (figure 4.2h), more distinct and wider grain boundaries are obtained. This is 
attributable to reduced crystallite size due to increased diffusion of oxygen atoms interstitially and 
increased compressive residual stresses. Due to liquid confinement effects, compressive stresses 
are dominant in ethanol environment due to more diffusion of oxygen into the surface.   
Figure 4.7(a) shows the XRD patterns of laser irradiated Ti samples in propanol environment. Ti 
oxide: TiO2 (004), Ti3O (−2−2−2), Ti hydrides: TiH2 (200), TiH1.5 (311) and TiH (130) plane 
reflections are observed alongwith original phases of Ti.   
The increase in peak intensity of TiO2 (004) plane reflection is observed with increase in number 
of laser pulses up to 2000 (figure 4.7a). Figure 4.7(b) demonstrates the variation in crystallite size 
and residual stresses with increasing number of laser pulses for irradiated Ti. For samples irradiated 
in propanol environment, increasing trend in both the crystallite size and tensile residual stresses 
are observed with increasing number of laser pulses.   
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Figure 4.7: (a) XRD patterns of unirradiated and nanosecond laser irradiated Ti samples (b) The 
variation in the crystallite size and residual stresses, under an ambient environment of propanol, 
for various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
Less pronounced tensile stresses for 500 number of pulses are responsible for the formation of high 
density globular grains with distinct grain boundaries (figure 4.3e). With increasing number of 
laser pulses up to 1500 the increased tensile stresses cause grain growth with much wider grain 
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boundaries as observed in figure 4.3(f-g). For 2000 laser pulses pronounced tensile stresses are 
responsible for the appearance of high density pores and cracks along the grain boundaries of 
irradiated sample (figure 4.3h).  
XRD patterns displayed in figure 4.8(a) confirm the presence of oxides and hydrides of Ti for 
samples irradiated in de-ionized water environment. Ti oxides: TiO2 (004), Ti3O (−1−12) and Ti3O 
(−2−18), Ti hydride: TiH (130) and TiH2 (111) plane reflections are also observed alongwith 
original phases of Ti.  
The peak intensity of TiO2 (004) plane reflection increases with increase in number of laser pulses 
to up to 1500 (figure 4.8a). For further increase in number of pulses up to 2000 a decrease in peak 
intensity is observed.    
Figure 4.8(b) represents the variation in crystallite size and residual stresses produced after 
irradiation. Both the crystallite size and tensile residual stresses increase with increase in number 
of laser pulses up to 1500. Further increase in number of laser pulses results in decrease in 
crystallite size and the transformation of tensile residual stresses to compressive stresses. These 
results are well correlated with the surface morphological results. Presence of large number of 
cracks and pores along the grain boundaries in the SEM images (figure 4.4e) confirm the presence 
of tensile stresses for 500 laser pulses [13]. With increase in number of laser pulses up to 1500, 
thermal shock results in an increase in tensile residual stresses and crystal growth (figure 4.8b). 
Due to increase in tensile stresses the grain boundaries becomes wider and distinct along with grain 
growth for 1500 laser pulses (figure 4.4g). Relaxation in the tensile stresses with pronounced 
compressive stresses are observed for 2000 number of laser pulses. This effect is due to diffus ion 
of oxygen/hydrogen atoms into the surface, which causes the decrease in crystallite size and hence 
gives rise to compressive residual stresses [13]. Compact and small sized grains in SEM image 
represent the presence of compressive residual stresses (figure 4.4h).  
  
75  
  
 
  
 Figure 4.8: (a) XRD patterns of unirradiated and nanosecond laser irradiated Ti samples (b) The 
variation in the crystallite size and residual stresses, under an ambient environment of de-ionized 
water, for various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
Comparison of the both dry and wet media shows significant dissimilarities in chemica l 
composition. In case of treatment in air, oxides along with nitrides are formed while in case of 
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ethanol, propanol and de-ionized water oxides are formed along with hydrides. For Ti ablation in 
ethanol and de-ionized water environment, major contents are of oxides whereas in case of 
propanol ablation hydride formation is prominent. In case of air and propanol, variations in tensile 
residual stress are observed, whereas for ethanol variation in only compressive stresses is observed. 
For de-ionized water transformation of tensile into compressive stresses is observed.   
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4.1.2 Nanosecond laser ablation of Zr in dry and liquid confined 
environments  
4.1.2.1 SEM Analysis  
SEM images of figures 4.9(a-d) represent the morphology of the overall ablated area after 
irradiation in an ambient environment of air for various number of laser pulses i.e. (a) 500, (b) 
1000, (c) 1500 and (d) 2000. Rectangular shaped ablated area is formed with heat affected zone 
(HAZ) of dimensions ~3.12 mm x 1.6 mm. Accumulation of resolidified material can be clearly 
seen at the peripheral ablated area. Increase in number of laser pulses up to 2000, show an increase 
in the size of HAZ up to ~3.39 mm x 1.28 mm as shown in figures 4.10(c-d).  
SEM images of figures 4.9(e-h) reveal the magnified morphology of the central ablated areas of 
Zr in an ambient environment of air for various number of pulses of (e) 500, (f) 1000, (g) 1500 and 
(h) 2000. In figure 4.9(e) large sized grains with cavities along the grain boundaries are seen. The 
heat generated during laser irradiation is responsible for this kind of grain growth [106]. Figure 
4.9(f) exhibits that significantly reduced grain size but increasing density of grains is seen for 1000 
pulses. For further increase in number of laser pulses up to 1500 (figure 4.9g), porous agglomera tes 
of material are observed. The melted material also appears to be detached from the surface. An 
explosive melt expulsion can cause this kind of structure [67]. For 2000 number of laser pulses 
(figure 4.9h), redeposited material in the form of flakes is observed over the surface. Large size 
diffused grains with wider grain boundaries are also seen in background.   
SEM images of figures 4.9(i-l) shows the peripheral ablated areas of Zr after irradiation in an 
ambient environment of air. Figure 1(i) shows large size grains with some cavities across the grain 
boundaries. Increase in number of laser pulses up to 1000 (figure 4.9j) results in decrease in size 
of grains along with decrease in size and number density of cavities. Further increase in number 
of laser pulses up to 1500 (figure 4.9k) shows redeposited material in the form of flakes over the 
surface. Large size diffused grains with wider grain boundaries are also seen in background. For 
2000 laser pulses reduction in redeposited material is observed with a significant decrease in size 
of grains in the background.   
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Figure 4.9: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of air, for various number of nanosecond laser pulses of 500, 1000, 1500 and 
2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated areas 
(e-h) and magnified peripheral ablated areas (i-l).  
SEM images of figures 4.10(a-d) represent the morphology of the overall ablated area of Zr samples 
after irradiation in an ambient environment of ethanol for various number of laser pulses i.e. (a) 
500, (b) 1000, (c) 1500 and (d) 2000. Non-uniform ablated area of size 3.03 mm x 1.28 mm is 
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observed after irradiation with 500 laser pulses. A significant difference in the appearance of crater 
in wet environment is observed in contrast to air environment (figure 4.10a).  
  
  
Figure 4.10: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of ethanol, for various number of nanosecond laser pulses of 500, 1000, 1500 
and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
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The appearance of crater formed in ethanol is diffused and less distinct with no significant 
redeposition. Increase in number of laser pulses up to 2000, show no significant effect on the size 
of the ablated area as shown in figures 4.10(c-d).  
SEM images of figures 4.10(e-h) reveal enlarged view of central ablated area of Zr in an ambient 
environment of ethanol for various number of pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. 
Figure 4.10(e) represents granular morphology with distinct grain boundaries. These grains are 
smaller in size as compare to air. With increase in the number of laser pulses up to 1000 an increase 
in size of grains is observed with distinct and wider boundaries (figure 4.10f). Further increase in 
number of pulses up to a value of 1500 globules instead of distinct grains are seen. The presence 
of cracks and large number of pores is also evident (figure 4.10g). For 2000 number of laser pulses, 
material segregates into distinct grains with much wider grain boundaries (figure 4.10h).  
SEM images of figures 4.10 (i-l) show the peripheral ablated area of Zr after irradiation in an 
ambient environment of ethanol. Figure 4.10(i) represents granular morphology with distinct grain 
boundaries. Increase in number of laser pulses up to 1500, show increase in size of grains alongwith 
some cavities along the grain boundaries, as observed in figures 4.10(j-k). Further increase in 
number of laser pulses up to 2000 (figure 4.10l) results in decrease in grain size with much wider 
grain boundaries.  
Melting of the target surface after laser irradiation activates reaction between the molten surface 
and surrounding media. After laser irradiation recrystallization takes place and oxygen/hydrogen 
disseminates into the surface (Oxygen insertion is confirmed by EDS analysis and Hydrogen 
diffusion is confirmed by XRD analysis) particularly at the grain boundaries where atoms are 
loosely bounded. This makes the grain boundaries distinct and wider. Successive heating by 
overlapping laser pulses enhances diffusion of Oxygen/Hydrogen into the molten surface and 
causing the formation of Oxides and Hydrides of Zr (confirmed from XRD analysis) [106].  
SEM images of figures 4.11(a-d) represent the morphology of the overall ablated areas of Zr 
samples after irradiation in an ambient environment of propanol for various number of laser pulses 
i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Rectangular shaped ablated area of size 3.28 mm x 
1.42 mm is observed after irradiation with 500 laser pulses. The appearance of crater formed in 
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propanol is clear and distinct. Increase in number of laser pulses up to 2000 result in slight increase 
in the size (3.2 mm x 1.6 mm) of ablated area as shown in figures 4.11(c-d).  
  
Figure 4.11: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of propanol, for various number of nanosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
SEM images of figures 4.11(e-h) represent enlarged central ablated area of Zr in an ambient 
environment of propanol for various number of overlapping laser pulses of (e) 500, (f) 1000, (g) 
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1500 and (h) 2000. Figure 4.11(e) shows the development of grains with distinct grain boundaries 
for 500 accumulative number of pulses. High density of cavities is also seen across the grain 
boundaries. For increasing number of pulses up to 1000 (figure 4.11f), breaking of large sized 
grains into smaller ones results into significantly enhanced density and reduced size with diffused 
grain boundaries. This is due to transformation of the pores, and cavities into more number of small 
sized grains with multipulse irradiation [5]. For further increase in number of laser pulses up to 
1500 (figure 4.11g), grain size increases with increased in the compactness of the surface. For 2000 
number of laser pulses (figure 4.11h) significantly modified surface morphology with reduction in 
grain size and porous microstructure is observed. Grain boundaries become wider with cavities 
across the grain boundaries and large numbers of pores within the grains. The bubble nucleat io n 
sites instigated by boiling of molten liquid causes the formation of pores and cavities [67].  
SEM images of figures 4.11(i-l) show the peripheral ablated area of Zr after irradiation in an 
ambient environment of ethanol. Figure 4.11(i) represents granular morphology with distinct grain 
boundaries. Increase in number of laser pulses up to 2000, show increase in size of grain with more 
distinct and wider grain boundaries as illustrated in figures 4.11(j-l). The density of pores has been 
reduced significantly at peripheral ablated areas as compared to central ablated areas.  
SEM images of figures 4.12(a-d) represent the morphology of the overall ablated area of Zr 
samples after irradiation in an ambient environment of de-ionized water for various number of 
laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Rectangular shaped ablated area of size 
3.30 mm x 1.6 mm is observed after irradiation with 500 laser pulses. The appearance of crater 
formed in de-ionized water is more clear and distinct. Increase in number of laser pulses up to 
2000, result in an increase in the size of ablated area up to 3.5 mm x 1.6 mm as illustrated in figures 
4.12(c-d).  
SEM images of figures 4.12(e-h) reveal enlarged view of the central ablated area of Zr in an 
ambient environment of de-ionized water for various number of pulses of (e) 500, (f) 1000, (g) 
1500 and (h) 2000. Figure 4.12(e) reveals the uniform distribution of large number of droplets over 
the porous surface. Small sized cavities are also present with some signs of melting.  
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Figure 4.12: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of de-ionized water, for various number of nanosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
Further increase in laser pulses up to 1000 reveals large sized droplets along with cavities (figure 
4.12f). For 1500 number of laser pulses density of pores increases significantly (figure 4.12g).  
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For 2000 number of pulses highly porous surface is observed whereas, the cracks, droplets and 
cavities are completely vanished (figure 4.12h). In contrast to Ti, in case of ablation of Zr in 
deionized water no grains are observed.   
SEM images of figures 4.12(i-l) show the peripheral ablated area of Zr after irradiation in an 
ambient environment of de-ionized water. Figure 4.12(i) represents granular morphology with 
wider grain boundaries. Redeposited material in form of flakes is also observed. Increase in 
number of laser pulses up to 2000, show enhanced redeposited material along with increase in size 
of grain in the background as seen in figures 4.12(j-l).  
Pulsed laser irradiation of Zr in liquid confined environment creates high-temperature and 
highpressure plasma and consequently high density of energetic electrons. These electrons 
transport their energy to phonons during electron–phonon relaxation. The energy is redistributed 
during a lattice vibration and as a result the heat is conducted in the Zr target. This heat might melt 
or vaporize the sample. It is worth noting that the surface morphology of the irradiated Zr consists 
of a large number of pores and cavities. An explosive melt expulsion in the liquid confined 
environment could be a prevailing process for the laser ablation of Zr in de-ionized water [67].  
Significant dissimilarities are observed after irradiation of Zr in air, ethanol, propanol and 
deionized water. Large sized well defined grains are observed in case of ablation in air environment 
with distinct grain boundaries for lower number of laser pulses. Laser induced melting of the target 
produces excess vacancies which causes increased diffusion across the grain boundaries, which 
give rise to the tensile stresses and grain growth. For higher number of pulses melting of the 
material is observed with porous microstructure and flakes over the surface representing the 
exfoliational sputtering. Whereas, in case of ablation in liquids, material shows different behavior 
for different media attributable to difference in absorption co-efficient of liquids. In case of ethanol, 
small sized grains with distinct grain boundaries are observed for lower number of pulses whereas 
for higher number of pulses grains with significantly increased density along with distinct and 
wider boundaries are formed with no significant debris. For propanol distinct, well defined and 
small sized grains with high density of cavities and pores over the surface are developed.  For laser 
irradiation in de-ionized water, porous surface features are observed with large number of droplets, 
pores and cavities over the surface.   
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Comparison of SEM images of both central and peripheral ablated areas of Ti (figures 4.1-4.4) and 
Zr (4.9-4.12) after ablation in dry and wet environments show significant dissimilarities in the 
surface morphology of the irradiated targets. Both Zr and Ti show granular morphology at the 
central ablated area after irradiation with lower number of pulses in air environment. For higher 
pulses Zr shows growth of uplifted globules whereas, granular morphology is observed at the 
central ablated area of Ti. Peripheral ablated areas in case of both Zr and Ti show larger sized 
grains for lower number of pulses. Whereas, for higher number of pulses, Zr shows the breakup of 
larger grains in smaller ones and Ti shows layers of melted material that covered the whole surface 
after irradiation. In case of ablation in ethanol Zr demonstrates the formation of polluted grains 
whereas, Ti shows very clean and uniform grain growth. In case of propanol environment Zr shows 
highly porous granular morphology whereas, in case of Ti porous structures are obtained for 
maximum number of pulses. For de-ionized water environment Zr shows porous surface 
morphology whereas, in case of Ti diffused grains are grown. These difference are attributable to 
differences in melting point (Ti = 1668 °C, Zr = 1852 °C), thermal conductivity (Ti = 21.9  W m-1 
K-1 , Zr = 22.7  W m-1 K-1), Absorptivity (Ti = 75%, Zr = 28%), e--phonon coupling co-effic ient 
(Ti = 0.38, Zr = 0.85) and Chemical reactivity (Ti = more reactive to oxygen, Zr = less reactive 
with oxygen) (confirmed by EDS and XRD analysis).   
4.1.2.2 EDS Analysis  
Energy Dispersive X-ray Spectroscopy (EDS) is carried out for chemical analysis of unirradia ted 
and irradiated Zr targets. Table 4.2 shows the EDS analysis of the un-irradiated and central ablated 
area of Zr target after irradiation under ambient environments of air, ethanol, propanol and de-
ionized water. The untreated target of Zr consist of ~ 87.52 wt.% Zr balanced to 100% by ~ 2.78 
wt.% B, ~ 2.82 wt.% C, ~ 1.97 wt.% Re and ~ 4.91 wt.% O. Decrease in content of carbon and 
complete removal of boron and rhenium is observed after irradiation in air environment. The 
cavities observed in case of dry ablation (figure 4.9) can be attributable to reduction in content of 
carbon and complete removal of boron and rhenium [107] Increase in content of oxygen from 
4.91wt.% to 23.86 wt.% in case of dry ablation is observed but in case of ablation in ethanol less 
diffusion of oxygen, from 4.91 wt.% to 15.55 wt.% is observed.    
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Table 4.2: The comparative EDS analysis of the un-irradiated and central ablated area of Zr target 
after nanosecond laser irradiation at a fluence of 3.6 Jcm-2, wavelength of 248 nm, pulse duration 
of 20 ns and repetition rate of 20 Hz under ambient environments of air, ethanol, propanol and de-
ionized water.  
Elements  
Untreated  
 (wt. %)  
Air   
(wt. %)  
Ethanol   
(wt.%)  
Propanol   
(wt. %)  
Water   
(wt. %)  
Zr  87.52  74.22  74.81  75.02  70.78  
B  2.78  ----  4.08  2.02  2.75  
C  2.82   1.92  3.36  4.51  2.59  
O  4.91  23.86  15.55  17.03  21.52  
Re  1.97  ----  2.20  1.42  2.36  
  
While, in case of ablation in de-ionized water, the content of oxygen goes up to a value of 21.52 
wt.% and for propanol its value is 17.03 wt.%. Increase in content of carbon from 2.82 wt.% to 
3.36 wt.% is observed after ablation in ethanol. Whereas, for propanol environment increase in 
content of carbon from 2.82 wt.% to 4.51 wt.% is also observed. Multipulse irradiation induced 
heating of Zr causes efficient oxygen/carbon diffusion into the target surface, and therefore oxides 
and carbides are formed [106].  
Comparison of the EDS results of both Ti (Table 1) and Zr (Table 2) shows increase in content of 
oxygen for all mediums i.e. air, ethanol, propanol and de-ionized water. However more diffus ion 
of oxygen takes place (up to 32.14 wt.%) in case of Ti as compared to Zr (23.86 wt.%). Increase 
in content of nitrogen is also observed in case of ablation of Ti in air environment. For Zr increase 
in content of carbon is observed after ablation in ethanol and propanol. Whereas, reduction in 
content of carbon is observed in case of Ti. This shows that Zr is more reactive to carbon than Ti. 
These results show that Ti is more reactive to oxygen and nitrogen as compared to carbon.    
87  
  
  
4.1.2.3 XRD Analysis  
X-ray diffraction method is used to identify variation in crystallinity, and residual stresses. Figure 
4.13 shows the XRD pattern of un-irradiated Zr target. Figure 4.14(a) represents the XRD 
diffractograms of laser ablated Zr samples for different number of overlapping laser pulses i.e. (a) 
500, (b) 1000, (c) 1500 and (d) 2000 in an ambient environment of air.   
The interaction of the laser with Zr surface changes its microstructure, which sequentially changes 
Bragg’s conditions of diffraction. These variations are attributable for the changes in dspacing and 
intensity of diffracted X-rays [106].   
 
Figure 4.13: XRD patterns of un-irradiated Zr  
New phases of Zr oxide ZrO2 (111), (212), (321), Zr3O (201), (200), (232) and Zr2O (322) are 
observed along with the original phases of Zr. Crystallite size is evaluated for ZrO2 (212) plane 
reflection by using Scherrer’s formula given in equation 4.1 [108]. The induced stresses are 
calculated by using the relation given in equation (4.3), by using the value of Young’s modulus, 
of ZrO2 i.e. 186.21 GPa [113].  
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Figure 4.14:  (a) XRD patterns of unirradiated and nanosecond laser irradiated Zr samples (b) the 
variation in the crystallite size and residual stresses, under an ambient environment of air for 
various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
Both the intensity (figure 4.14a) and crystallinity (figure 4.14b) of ZrO2 (212) plane reflection are 
found to increase with increasing number of laser pulses.  
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The variation in crystallinity and induced stresses for various number of laser pulses is displayed 
in figure 4.14(b). Laser induced thermal shocks and lattice defects generated by oxygen ions 
incorporation into the lattice may cause residual stress variation. Compressive stresses are 
generally due to diffusion of ions, while laser induced thermal shocks are responsible for tensile 
stresses [114]. At 500 accumulated laser pulses, less pronounced tensile residual stresses are 
present. They increase with increase in number of laser pulses up to 2000. Thermally induced 
shocks result into increasing tensile stresses and crystal growth. Increase in number density of 
pores and amount of flakes over the surface as shown in figures 4.9(e-h), with increase in number 
of laser pulses is attributable to continuous increase in tensile residual stresses   
XRD patterns displayed in figure 4.15(a) confirm the presence of oxides and hydrides of Zr after 
irradiation in an ambient environment of ethanol for various number of overlapping laser pulses of 
(a) 500, (b) 1000, (c) 1500 and (d) 2000. New phases of Zr oxides: ZrO2 (111), (212), (321), (114), 
Zr3O (201), Zr3O (217), and Zr hydrides: ZrH (123) and ZrH2 (112) (appeared after 1000 laser 
pulses) are observed along with the original phases of Zr.    
No change in peak intensity (figure 4.15a) and crystallinity (figure 4.15b) of ZrO2 (212) plane 
reflection is observed with increasing number of laser pulses up to 1000. Further increase in 
number of laser pulses up to 2000 decrease in peak intensity and crystallinity is observed.   
Figure 4.15(b) represents the variation in crystallite size and induced stresses of Zr after irradiat ion 
with various number of laser pulses. For 500 number of laser pulses, tensile stresses are observed. 
They relax with increasing number of laser pulses up to 2000.  This relaxation is due to reduction 
in crystallite size. Diffusion of oxygen/hydrogen atoms into the surface causes the decrease in 
crystallite size and hence causes the highly tensile stresses to be relaxed [5]. Much wider grain 
boundaries observed after irradiation with 2000 (figure 4.10h) laser pulses are due to enhanced 
diffusion of oxygen/hydrogen into the surface.    
Figure 4.16(a) represents the XRD diffractograms of laser ablated Zr samples for different number 
of overlapping laser pulses, i.e. 500, 1000, 1500 and 2000 in an ambient environment of propanol. 
New phases of Zr oxides: ZrO2 (212), (114), Zr3O (201), and hydride: ZrH2 (112) are observed 
along with the original phases of Zr.  
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Figure 4.15: (a) XRD patterns of unirradiated and nanosecond laser irradiated Zr samples, (b) the 
variation in the crystallite size and residual stresses, under an ambient environment of ethanol for 
various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
Peak intensity of ZrO2 (212) plane reflection increase with increase in number of laser pulses up 
to 2000 (figure 4.16a).  
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Figure 4.16: (a) XRD patterns of unirradiated and nanosecond laser irradiated Zr samples, (b) the 
variation in the crystallite size and residual stresses, under an ambient environment of propanol for 
various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
  
Figure 4.16(b) represents the variation in both crystallite size and stresses induced after irradiat ion. 
Crystallite size decreases with increase in number of laser pulses up to 1500. For further increase 
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in number of laser pulses up to 2000, an increase in crystallite size is observed.  For 500 number 
of laser pulses highly tensile stresses are present which relax with increase in number of laser 
pulses up to 1500.  Further increase in laser pulses causes increase in tensile stresses. These results 
are also well correlated with change in the surface morphology shown in figures 4.11(e-h). At 500 
laser pulses (figure 4.11e) observed cavities are evident for the presence of highly tensile residual 
stresses. With increase in number of pulses up to 1500, a reduction in density of cavities and pores 
is observed corresponding to relaxation in tensile residual stresses as shown in figures 4.11(e-g). 
For further increase in number of laser pulses up to 2000 high density of pores and cavities 
confirms again increase in tensile stresses (figure  
4.11h).   
Figure 4.17(a) represents the XRD diffractograms of laser irradiated Zr targets for various number 
of overlapping laser pulses i.e. 500, 1000, 1500 and 2000 in an ambient environment of de-ionized 
water. New phases of Zr oxides: ZrO2 (-111) (111), (212), (321), (220), Zr3O (201), (200), (217) 
and Zr hydrides: ZrH2 (112), ZrH (123) are observed along with the original phases of Zr.  
Peak intensity of ZrO2 (212) plane reflection first decreases and then increases with increase of 
laser pulses (figure 4.17a).  
Figure 4.17(b) represents the variation in both the crystallite size and stresses produced after 
irradiation for various number of laser pulses. For 500 number of laser pulses highly tensile stresses 
are present which are responsible for presence of cavities and pores over the surface (figure 4.12e). 
With increase in number of laser pulses up to 1000 relaxation in tensile stresses is observed. These 
results are well correlated with change in the surface morphology (figure 4.12f). In which more 
compact surface with less cracking and pores is observed [95]. When number of pulses are 
increased up to a value of 2000, thermally induced shocks results into increasing tensile stresses 
which is the reason for presence of enhanced density of pores as seen in figures  
4.12(g-h) [95].   
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Figure 4.17: (a) XRD patterns of unirradiated and nanosecond laser irradiated Zr samples, (b) the 
variation in the crystallite size and residual stresses, under an ambient environment of deionized 
water for various number of overlapping laser pulses of 500, 1000, 1500 and 2000.  
  
Comparison of the XRD data of irradiated Zr in both dry and wet media shows significant 
dissimilarities in chemical composition. In case of treatment in air, only oxides are formed while 
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in case of ethanol, propanol and de-ionized water oxides are formed along with hydrides. For both 
dry and wet ambients variation in peak intensity, crystallinity and residual stresses are observed.    
Comparison of the XRD data of Ti and Zr, after ablation in both dry and wet media shows 
significant dissimilarities in chemical composition. In case of ablation of Ti in air, oxides along 
with nitrides are formed while, after ablation of Zr in air only oxides are formed. In case of ablation 
in liquid media both Ti and Zr show the formation of oxides alongwith hydrides.   
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4.1.3 Nanosecond laser ablation of Ag in dry and liquid confined 
environments  
4.1.3.1 SEM analysis  
SEM images of figure 4.18 represent the surface morphology of Ag after irradiation in air 
environment for various number of laser pulses. Figures 4.18(a-d) represent the morphology of the 
overall ablated area of Ag samples after irradiation in an ambient environment of air for various 
number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Rectangular shaped ablated 
area of size 2.76 mm x 1.24 mm is observed after irradiation with 500 laser pulses. Accumula t ion 
of resolidified material can be clearly seen at the peripheral ablated area.  Increase in number of 
laser pulses up to 2000, result in an increase in the size of ablated area of dimensions of ~ 2.85 mm 
x 1.42 mm as illustrated in figures 4.18(c-d).  
Significantly different surface morphology of Ag as compared to Ti and Zr is observed. For Ag no 
grain like features are formed. SEM images of Figures 4.18(e-h) show the magnified view of 
central ablated area of Ag after irradiation in an ambient environment of air for various number of 
laser pulses, i.e. 500, 1000, 1500 and 2000. Figure 4.18(e) shows the presence of large number of 
small sized cavities and droplets along with a large sized crater after irradiation with 500 laser 
pulses. For 1000 laser pulses (figure 4.18f), the splitting of large sized crater into irregular shaped 
craters is observed along with droplets and globule like features. For further increase in number of 
laser pulses up to 1500 (figure 4.18g) a single crater along with formation of conical features, 
droplets and beads on them are observed.  For 2000 number of laser pulses (figure 4.18h) complete 
refilling of craters and cavities is observed along with enhanced density of channels and conical 
features. Presence of some globules and droplets is also observed.   
SEM images of figures 4.18(i-l) show the peripheral ablated areas of Ag after irradiation in an 
ambient environment of air. Similar to the central ablated area, peripheral ablated area also shows 
large number of cavities, droplets and conical features (figure 4.18i). Increase in number of laser 
pulses up to 1000 (figure 4.18j) shows a significant increase in density of conical structures and 
spherical droplets alongwith refilling of the cavities by shock liquefied material. For maximum 
number of laser pulses, decrease in density but increase in size of conical features is observed as 
shown in figures 4.18(k-l).    
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Figure 4.18: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of air, for various number of nanosecond laser pulses of 500, 1000, 1500 and 
2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated areas 
(e-h) and magnified peripheral ablated areas (i-l).  
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Figure 4.19: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of ethanol, for various number of nanosecond laser pulses of 500, 1000, 1500 
and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
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The increase in surface temperature during laser irradiation causes the generation of lattice defects 
which lead to the enhanced absorption. As a result, the surface melting takes place after certain 
number of laser pulses. Local rise in temperature of the Ag surface results in the surface tension 
gradient which induce capillary waves [115]. With subsequent pulses, various surface features are 
developed by multiple reflections of laser light inside the grooves [116]. The surface 
inhomogeneties, impurities, lattice defects, voids and surface roughness all give different response 
to incoming E.M radiation. Non uniform energy absorption results in conical structures, droplets, 
spheres and channel like features. Formation of deep crater like structure due to particulate ejection 
from the surface may be due to explosive boiling. During high power laser irradiation, the primary 
mechanism for mass removal is explosive boiling. Thermodynamic theory of explosive boiling 
states that when the laser irradiance is high (about 109 W/cm2), the temperature of the target 
exceeds 0.80Tc (or approaches 0.9Tc), where Tc is critical temperature, and a superheated, 
metastable liquid layer is formed. Basically the liquid at this stage is a mixture of liquid droplets 
and vapors, which give rise to homogeneous bubble nucleation that, can facilitate explosive 
boiling. Absence of craters and cavities for 2000 laser pulses is due to enhanced melting. The shock 
liquefied material completely refills the crater and cavities formed by initial melting [117]. Laser 
induced capillary waves in the molten layer causes the formation of conical features and spherical 
globules [118]. The molten material start expanding upon freezing and it exerts pressure on inside 
trapped liquid, when the liquid moves out upward, it solidifies to form cones.   
SEM images of figure 4.19 represent the surface morphology of Ag after irradiation in ethanol 
environment for various number of laser pulses. Figures 4.19(a-d) represent the morphology of the 
overall ablated area of Ag samples after irradiation in an ambient environment of ethanol for 
various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Non-uniform ablated 
area of size ~2.85 mm x 1.42 mm is observed after irradiation with 500 laser pulses. Appearance 
of the ablated area is diffused with no significant boundaries. Increase in number of laser pulses 
up to 2000, shows no significant effect on the size of the ablated area as is illustrated in figures 
4.19(c-d).  
SEM images of figures 4.19(e-h) represent the magnified view of central ablated area of Ag after 
irradiation with various number of laser pulses, i.e. (e) 500, (f) 1000, (g) 1500, and (h) 2000.  
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Figure 4.19(e) shows small change in surface morphology after irradiation with 500 accumulat ive 
laser pulses. Small scale melting and crakes are observed over the surface.  
 
  
Figure 4.20: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of de-ionized water, for various number of nanosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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For 1000 laser pulses (Figure 4.19f), droplets and conical features are observed along with thermal 
stress cracking. Figure 4.19(g) shows highly porous and coarse periodic ripples with reduction in 
density of droplets and conical features for 1500 laser pulses. Figure 4.19(h) presents the loss of 
periodicity of ripples and conical features alongwith enhanced thermal stress cracking.  
Figure 4.19(i-l) shows SEM images of the peripheral ablated areas of Ag after irradiation in an 
ambient environment of ethanol. Figure 4.19(i) shows melting and cracking over the surface after 
irradiation with 500 laser pulses. Increase in number of laser pulses up to 2000, shows enhanced 
density of conical features, cracks and cavities as illustrated in figures 4.19(j-l).  
Thermal stresses generated during irradiation are responsible for cracking. Due to multipulse 
irradiation accumulation of thermal stresses weakens the atomic bonds at the surface and is 
responsible for cracking and material removal [117]. During laser matter interaction, interaction 
of surface plasmons with the incoming electromagnetic radiations can be one of the possible reason 
for the growth of periodic surface structures [115, 119]. Coarsened layer formation and its 
fragmentation into conical features may involve capillary waves [120] in the molten Ag layer that 
can be another reason for ripples formation.  
SEM images of figure 4.20 represent the surface morphology of Ag after irradiation in deionized 
water for various number of nanosecond laser pulses. Figure 4.20(a-d) represents the morphology 
of the overall ablated areas of Ag samples after irradiation in an ambient environment of de-ionized 
water for various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Rectangular 
shaped ablated area of size ~ 2.67 mm x 1.07 mm is observed after irradiation with 500 laser pulses. 
The ablated area appears with distinct boundaries. Increase in number of laser pulses up to 2000, 
shows an increase in size of ablated area up to 2.85 mm x 1.16 mm as shown in figures 4.20(c-d).   
SEM images of figures 4.20(e-h) represent the magnified view of central ablated areas of Ag for 
various number of laser pulses, i.e. (e) 500, (f) 1000, (g) 1500, and (h) 2000. Figure 4.20(e) 
represents conical features and cavities for 500 laser pulses. When number of pulses is increased 
to 1000 (figure 4.20f) an increase in density of conical features with decrease in size and density 
of cavities is observed. Further increase in number of laser pulses (figure 4.20g) shows enhanced 
density of cavities but with reduction in their size. The density of conical features also decreases. 
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For 2000 laser pulses (figure 4.20h) significantly enhanced density of cones along with large 
number of redeposited globules and droplets is observed.  
SEM images of figures 4.20(i-l) show the magnified peripheral ablated area of Ag after irradiat ion 
in an ambient environment of de-ionized water. Figure 4.20(i) shows conical features, cracks and 
large number of cavities after irradiation with 500 laser pulses. Increase in number of laser pulses 
up to 2000, shows reduction in size and density of conical features along with enhanced density of 
cracks, droplets and pores as illustrated in figures 4.20(j-l).   
We can explain the formation of cones on the basis of material removal through Vapor-LiquidSo lid 
(VLS) process [118]. Due to high accommodation co-efficient of liquid, the Ag vapors produced 
after irradiation between the cones preferably re-deposits on the molten tip. As a result the cones 
uniformly grow with increase in number of laser pulses up to 1000.  For further increase in number 
of pulses highly porous surface structure is obtained due to subsurface boiling. The rapid expansion 
of the micro-bubbles, during higher radiant exposure, generates more intensified pressure causing 
formation of large number of cavities over the surface [85].  The reduction in size of cavities is 
mainly due to enhanced melting. The initially produced cones are nearly vanished, as seen in 
Figure 4.20(g), owing to high rate of melting of the target. Irradiation of metals with high number 
of pulses causes the atomic migration and results in disappearance of cones [117].  
Comparison of both the dry and wet media presents significant dissimilarities in surface 
morphology of irradiated Ag. During dry ablation, maximum ablation takes place at the centre and 
the ablated material is redeposited at the periphery which forms an elliptical ring. Whereas in case 
of wet ablation (in ethanol & de-ionized water) more uniform ablation is observed with minimum 
redeposition at the peripheries. The overall ablated area in case of ethanol shows more diffused 
appearance as compared to de-ionized water. More absorption of radiations in ethanol (12%) 
compared to de-ionized water (2%), may be the possible reason for more diffused appearance of 
ablated area in case of ethanol.  
During dry ablation the central ablated area shows significant material removal for lower number 
of pulses. For higher number of laser pulses, significant melting of the Ag target is observed which 
refills the cavities. For ethanol lower number of pulses shows cracking and melting over the 
surface. For higher number of pulses periodic conical features, much smaller in size as compared 
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to both air and de-ionized water are formed. During ablation in de-ionized water conical features 
are observed for lower number of pulses. For maximum number of pulses distinct cones with 
significantly enhanced density are observed. Irradiation of Ag with UV radiation leads to the 
production of plasma and efficient ablation of the target material. During multipulse irradiat ion, 
the creation of conical features is probably related to the difference in absorption efficiency in 
different areas of the forming relief [121].   
Comparison of Ti (Figs. 4.1 – 4.4), Zr (Figs. 4.9 – 4.12) and Ag (Figs. 4.18 – 4.20) shows that the 
central ablated area of Ti and Zr irradiated with nanosecond laser in air environment shows 
development of large sized grains with diffused grain boundaries. Presence of cavities is also 
observed across the grain boundaries. Whereas, during ablation in liquid confined environments 
small sized grains with distinct and wider grain boundaries are revealed alongwith pores, cracks 
and cavities. In case of Ag, significantly different surface morphology is obtained as compared to 
Ti and Zr. No grains are grown in both central and peripheral ablated areas. After irradiation in air, 
the central ablated area shows large number of cavities and channel like features. Large sized 
conical features are also observed. Whereas, in case of liquid confined environment, fine conical 
structures were observed with no debris formation. This may be related to the fact that the 
photophysical, photothermal and photochemical response of all the metals after laser irradiation is 
different. Thermal conductivity values of Ti (21.9 W/mK) and Zr (22.7 W/mK) lie close to each 
other but Ag offers much high value of thermal conductivity (427 W/mK). This difference may be 
responsible for the diverse behavior of Ag after irradiation with nanosecond lasers. The 
comparison of the peripheral ablated areas of Ti and Zr shows granular morphology. Whereas, Ag 
shows small sized, enhanced density of conical features after irradiation in both dry and liquid 
confined environments.   
4.1.3.2 EDS Analysis   
Table 4.3 represents the relative EDS analysis of the un-irradiated and central irradiated area of Ag 
target after irradiation under both dry (air) and wet (ethanol and de-ionized water) environments.  
Table 4.3: The EDS analysis of the un-irradiated and central ablated area of Ag targets after 
Excimer laser irradiation at  a fluence of 3.6 Jcm-2, wavelength of 248 nm, pulse duration of 20 ns 
and repetition rate of 20 Hz for 1000 pulses under ambient environments of air, ethanol and de-
ionized water.  
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Elements  Untreated (wt. %)  Air (wt. %)  Ethanol (wt. %)  De-ionized Water (wt. %)  
Ag  98.62  95.64  94.93  92.62  
O  1.38  4.36  3.86  7.38  
C  ----  ----  1.21  ----  
   
Increase in content of oxygen is observed in all three environments but enhanced diffusion of 
oxygen is observed in case of de-ionized water. Increase in content of carbon is observed only in 
ethanol environment.  
Increase in content of oxygen is observed for all three metals (Ti, Zr & Ag) after irradiation in both 
dry and wet ambients. But it is more for Ti, than for Zr and minimum for Ag.  
4.1.3.3 XRD Analysis   
The crystallographic variations and stresses produced after irradiation are analyzed by using Xray 
diffraction technique. Figure 4.21(a) represents the XRD patterns of un-irradiated Ag. 
Diffractogram of un-irradiated Ag shows the presence of Ag (111), (200), (220), (311). Figure 
4.21(b) shows the XRD diffractograms of Excimer laser irradiated Ag targets in air environment, 
for various number of laser pulses i.e. 500, 1000, 1500 and 2000. New phase of Ag oxide Ag2O  
(201) is observed along with original phases of Ag. Sherrer’s formula (Eq. 4.1) was used to 
evaluate the average crystallite size [108]. The strain is evaluated by using (Eq. 4.2) and induced 
stresses were evaluated by employing (Eq. 4.3). The value of Young’s modulus used in the 
calculation for Ag2O (201) is 88.8 GPa [122].  
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Figure 4.21: XRD patterns of (a) unirradiated, (b) Excimer laser irradiated Ag samples for various 
number of overlapping laser pulses i.e. 500, 1000, 1500 & 2000 under ambient environment of air 
and (c) the variation in crystallite size and residual stresses with increase in number of laser pulses.  
Figure 4.21(c) shows the variation in crystallite size and residual stresses, evaluated for Ag2O (201) 
plane reflection, with increase in number of laser pulses. After laser irradiation, the variation 
produced in peak intensity is related to crystallite size variations, laser induced strain and stresses 
on the sample surface. Change in d-spacing results in variation in residual strain, stresses and lattice 
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distortion, which is caused by thermal expansion coefficient, differences in inter atomic distances, 
interstitial diffusion, temperature and cooling conditions between the surface layers [104].   
Increase in peak intensity (figure 4.21b) and crystallite size (figure 4.21c) of Ag2O (201) is 
observed with increase in number of laser pulses from 500 to 1000. Further increase in number of 
laser pulses up to 2000 results in decrease in the average peak intensity and crystallite size.   
Tensile residual stresses are observed for 500 laser pulses, which increases with increase in number 
of laser pulses up to 1000. Peak shift to lower angular position is observed, which shows the 
increase in tensile residual stress. These stresses relax and transform to compressive stresses for 
further increase in number of laser pulses up to 2000. Peak shift to higher angular position shows 
the relaxation of tensile stresses and their transformation to compressive stresses. These results are 
well correlated with the surface morphology of irradiated Ag samples. Presence of large sized 
carter representing large mass removal after irradiation with 500 laser pulses (figure 4.18e) 
confirms the presence of tensile residual stresses. After 1000 laser pulses (figure 4.18f) the splitting 
of large sized crater into more number of irregular shaped craters shows the increase in tensile 
residual stresses. With increase in number of laser pulses up to 2000, complete refilling of craters 
and cavities is due to the relaxation of tensile stresses and their transformation to compressive 
stresses as shown in figures 4.18(g-h).   
Figure 4.22(a) represents the XRD diffrectograms of laser irradiated Ag targets in ambient 
environment of ethanol. New phase of Ag oxide Ag2O (201) is observed along with original phases 
of Ag.  
Figure 4.22(b) is the representation of variation in crystallite size and residual stresses with various 
number of laser pulses. Monotonic increase in peak intensity and crystallite size for Ag2O (201) 
plane reflection is observed with increase in number of laser pulses up to 2000. Tensile residual 
stresses are dominant for 500 laser pulses which increase with increase in number of laser pulses 
up to 2000. Peak shift to higher angular position observed with increase in number of laser pulses 
up to 2000 shows enhanced tensile stresses. Increase in density of pores, and cracks observed in 
figures 4.19(e-h) confirm the presence of enhanced tensile stresses.   
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Figure 4.23(a) represents the XRD diffractograms of laser irradiated Ag targets in ambient 
environment of de-ionized water. New phases of Ag oxide Ag2O (201) and Ag3O (-1-13) are 
observed along with original phases of Ag.  
 
Figure 4.22: XRD patterns of (a) Excimer laser irradiated Ag samples for various number of 
overlapping laser pulses i.e. 500, 1000, 1500 and 2000, under ambient environment of ethanol and 
(b) the variation in crystallite size and residual stresses with increase in number of laser pulses.  
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Figure 4.23: XRD patterns of (a) Excimer laser irradiated Ag samples for various number of 
overlapping laser pulses i.e. i.e. 500, 1000, 1500 and 2000, under ambient environment of 
deionized water and (b) the variation in crystallite size and residual stresses with increase in 
number of laser pulses.  
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Figure 4.23(b) is the representation of the variation of crystallite size and residual stresses with 
various number of laser pulses. Both the peak intensity and crystallite size of Ag2O plane reflection 
decreases with increase in number of laser pulses up to 2000.  
Tensile residual stresses are dominant for 500 laser pulses which relax on increase in number of 
laser pulses up to 2000. Peak shift to higher angular position is also observed which confirms the 
relaxation of tensile residual stresses. Refilling of pores and cavities observed in figures 4.20(e- 
h) with increase in number of laser pulses up to 2000 show the relaxation in tensile residual stresses.   
Comparison of all the three media shows significant variations in crystallinity, residual stresses 
and chemical composition. Formation of Ag2O and Ag3O confirms the enhanced diffusion of 
oxygen in case of de-ionized water environment, and is also confirmed by EDS analysis.   
Comparison of the XRD data of Ti, Zr and Ag after ablation in both dry and wet media shows 
significant dissimilarities in chemical composition. In case of ablation of Ti in air, oxides along 
with nitrides are formed while, after ablation of Zr and Ag in air only oxides are formed. In case 
of ablation in liquid media both Ti and Zr shows formation of oxides alongwith hydrides.  
Whereas, Ag shows the formation of oxides for wet media.  
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Part (B)  
  
4.2 Femtosecond laser ablation of metals in dry and 
liquid confined environments  
  
  
  
  
  
  
  
  
  
Femtosecond pulsed laser ablation process has attracted the attention of researchers due to its 
enormous technological applications. Femtosecond lasers offer considerable advantage over 
conventional nanosecond lasers. The femtosecond lasers can separate the ablated volume from the 
neighboring target mass. Another advantage of femtosecond laser as compared to nanosecond 
pulses is the decrease of threshold fluence by a factor of 10, this means that the bulk of materials 
can be ablated cleanly and congruently. The major advantage of femtosecond laser pulses is the 
ability to deposit energy in ultra short time, before the occurrence of thermal processes. The 
temperature of electrons can rise up to thousands of Kelvin due to linear or multiphoton absorption. 
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During the transfer of energy from electrons to the atomic lattice, material ejection, ablation and 
formation of plasma will take place. In contrast, for nanosecond lasers, ablation takes place 
together from the vapor and melted material, leading to the ejection of liquid micro-droplets and 
particulate. Furthermore, the longer pulse length and the continuous emission of material lead to 
laser-vapor interaction that limits the control on the characteristics of the ablated particles. On the 
other hand, for femtosecond/ultrashort laser pulses, the ablation wave in fact leads the thermal 
relaxation wave and ablation takes place with negligible collateral damage to the target. As 
compared to nanosecond laser pulses, non thermal processes are dominant in femtosecond laser 
ablation, which are responsible for the growth of nanoscale structures on the irradiated surface.  
For the calculations of the femtosecond laser fluence, the spot size radius ωo (defined at 1/e2 of 
peak intensity) was determined by the knife-edge method [123]. The focused beam diameter was 
calculated by employing following relationship.  
  
Where λ is the wavelength, f is the focal length and ωo is the initial beam diameter.  Fluence was 
calculated by using following relation.  
   
  
4.2.1 Femtosecond laser ablation of Ti in dry and liquid confined 
environments  
4.2.1.1 SEM Analysis  
SEM images of figure 4.24 reveal the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Ti samples after irradiation in 
ambient environment of air for various number of femtosecond laser pulses i.e. 500, 1000, 1500 
and 2000.  
SEM images of figures 4.24(a-d) represent the morphology of the overall ablated area for various 
number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Significantly reduced and non-
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uniform ablated area is formed with heat affected zone (HAZ) of ~120 µm x 80 µm. Crater with 
non-uniform and large number of crack and cavities are seen. Presence of redeposited material is  
also observed across the ablated area. Figures 4.24(c-d) show an increase in the size of HAZ up to 
~130 µm x 86 µm with increase in number of laser pulses up to 2000.   
SEM images of figures 4.24(e-h) represent the magnified surface morphology of central ablated 
areas of Ti samples after irradiation in an ambient environment of air for various number of laser 
pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. Micro sized island-like structures and cavities 
are observed for 500 number of laser pulses (figure 4.24e). Nanoscale ripples or LIPSS are also 
seen at the peripheries and at the top of island-like structures. For 1000 laser pulses (figure 4.24f) 
increase in density of craters along with more well defined LIPSS with an average periodicity of 
875 nm are observed. Observed LIPSS spacing have error of approximately 5%. Merging of 
craters and formation of deep canal like feature is also observed along with increase in size of 
island-like structures. Figures 4.24(g-h) show vanishing of micro/nanostructures and refilling of 
caters with melted material for further increase in number of laser pulses up to 2000. An increase 
in periodicity of LIPSS up to 2 µm is also observed.  
Figures 4.24(i-l) reveal the surface morphology of the peripheral ablated areas of Ti samples after 
irradiation in an ambient environment of air for various number of laser pulses i.e. (i) 500, (j) 1000, 
(k) 1500 and (l) 2000.   
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Figure 4.24: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of air, for various number of femtosecond laser pulses of 500, 1000, 1500 
and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
Randomly oriented LIPSS with an average periodicity of approximately 1 µm are observed along 
with some cavities and globules after irradiation with 500 laser pulses (Figure 4.24i). Increase in 
number of laser pulses up to 1500, results in fine LIPSS with an average periodicity of 500 nm as 
shown in figures 4.24(j-k). Presence of large amount of small sized globules is also observed. For 
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2000 number of laser pulses (figure 4.24l), LIPSS with an average periodicity of 570 nm are 
observed along with complete removal of globules.    
The increase in area of HAZ is due to the fact that first few pulses alter the roughness of the target 
surface and improve the absorption of the surface. The next pulses interact with enhanced 
absorptive target and consequently the area of HAZ is increased [89]. The absorption of 
femtosecond laser by Ti target also leads to its efficient ablation. The accumulation effects of E.M 
radiations also enhanced due to more collective energy absorption by increasing number of pulses. 
Deep crater and cavity formation is due to particulate ejection from the surface and is attributab le 
to explosive boiling. During high power laser irradiation, explosive boiling is the primary 
mechanism for mass removal. The formation of LIPSS with periodicity comparable to laser 
wavelength are attributed to scattering of E.M radiation from surface defect and roughness.  
The interference between scattered, radiated and incident electromagnetic fields causes the 
periodic surface structure due to periodic variation in substrate heating [124]. The formation of 
microscale LIPSS is explainable on the basis of the Kelvin–Helmholtz instability. The molten 
surface behaves as a fluid, and the expansion of high pressure plume can be considered as a source 
of wind. The microscale LIPSS are formed, when the laser-induced surface waves are splashed, 
re-solidified, frozen and are permanently imprinted on the ablated surface of the target material 
[125, 126].  
If the temperature is high enough than the melting point of the metal during laser ablation, the 
surface melts completely and the molten surface will flows in the form of fluid [127]. During 
recondensation process due to surface tension, the fluid is pulled down. However, the solid-liquid 
interface still keeps the convoluted sinusoidal contour generated by the inhomogeneous deposition 
of energy at the surface. Underneath cooling of the molten material is caused by the thermal 
conduction. The solidification front moves upward which retains the convoluted interface profile 
[128]. As the re-solidification front arrives at the surface of the target, the front becomes restrained, 
thus effectively breaking the surface into isolated molten pools [128]  
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Figure 4.25: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of ethanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
Figure 4.25 reveals the surface morphology of overall (a-d), magnified central ablated areas (e-h) 
and magnified peripheral ablated areas (i-l) of Ti samples after irradiation in ambient environment 
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of ethanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000. Figures 4.25(a-d) 
represent the overall ablated areas of Ti samples after irradiation with various number of laser 
pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000.  
The surface morphology of the ablated area produced in ambient environment of ethanol after 
irradiation with 500 laser pulses (figure 4.25a) is smoother and much larger in size (~230 µm x 
195 µm) than those produced in ambient air. Figure 4.25(a-d) shows no change in size of the 
ablated area with increase in number of laser pulses from 500 to 2000. Amount of redeposited 
material is reduced significantly across the ablated area as observed in case of air environment.   
SEM images of figures 4.25(e-h) represent the magnified surface morphology of central ablated 
area of Ti samples after irradiation in an ambient environment of ethanol for various number of 
laser pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. Two type of LIPSS are observed after 
ablation in ethanol, nanoscale LIPSS and microscale LIPSS. It is reported in literature that 
nanoscale LIPSS are formed perpendicular to E-field and microscale LIPSS are formed parallel to 
E-field [53, 129]. The observed nanoscale LIPSS shows average periodicity of 266 nm and 
microscale LIPSS have an average periodicity of 1.3 µm after irradiation with 500 number of laser 
pulses (figure 4.25e). Presence of some nanocones, cracks, large number of globules along with 
some signs of melting is also observed. Increase in periodicity of both nanoscale and microscale 
LIPSS up to 285 nm and 1.41 µm respectively, is observed with increase in number of laser pulses 
up to 1000 (figure 4.25f). Further increase in number of laser pulses up to 2000 showed no 
significant effect on the periodicity of nanoscale LIPSS but it results in an increase in the average 
periodicity of microscale LIPSS up to 2 µm alongwith increase in density of cracks as shown in 
figure 4.25(g-h).  
Figure 4.25(i-l) reveals the surface morphology of the peripheral ablated area of Ti samples after 
irradiation in ambient environment of ethanol for various number of laser pulses i.e. (i) 500, (j) 
1000, (k) 1500 and (l) 2000. Nanospheres, globules, large number of pores and cracks are observed 
for 500 number of laser pulses (figure 4.25i). Increase in number of laser pulses up to 1000 results 
in the formation of both nanoscale and microscale LIPSS with an average periodicity of 300 nm 
and 1.1 µm respectively. Increase in number of laser pulses up to 2000, (figure 4.25l), results in 
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fine nanoscale LIPSS with average periodicity of 280 nm and increase in an average periodicity of 
microscale LIPSS up to 1.3 µm.   
Nanopores formation under compressed plasma flow action on Ti can be related to violent boiling 
and bubble formation in the superheated liquid layer [53, 130]. Nanospheres, globules, cracks and 
pores are formed by rapid heating, cooling and high quenching rate [131].  
Formation of nanoscale LIPSS in liquid confined environment, with periodicity much less than the 
laser wavelength, can be explained on the basis of parametric instability [132, 133]. During laser 
irradiation, first few laser pulses cause an increase in the surface roughness of the target material.  
Due to enhanced surface roughness, non-uniform free electron density plays a vital role in the 
growth of LIPSS [134]. The plasma wave travels slowly, at a speed less than 10-2 times the speed 
of light and an ion-enriched local area appears. Ions experience a strong Coulomb repulsive force, 
before the next peak of an electron wave arrives, causing a Coulomb Explosion. Through this 
mechanism nanoscale LIPSS structures are formed [133]. Microscale LIPSS are formed through 
the rapid heating and melting of the target surface, followed by rapid cooling and recrystalliza t ion 
under the much higher dynamic plasma flow pressure and gradients of thermodynamic parameters 
[129, 135].   
Figure 4.26 reveals the surface morphology of overall (a-d), magnified central ablated areas (e-h) 
and magnified peripheral ablated areas (i-l) of Ti samples after irradiation in ambient environment 
of propanol for a fixed fluence of 3.6 J/cm2. Figure 4.26(a-d) represents the morphology of the 
overall ablated area for various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. 
Elliptical shaped ablated area of size of ~ 240 µm x 185 µm is formed alongwith self organized 
crater formation at the periphery, with an average spacing of 15 µm, after irradiation with 500 laser 
pulses (figure 4.26a). Figures 4.26(a-d) shows no change is size of ablated area with increase in 
number of laser pulses from 500 to 2000.   
SEM images of figure 4.26(e-h) represents the surface morphology of central ablated area of Ti 
samples after irradiation in an ambient environment of propanol for various number of laser pulses 
i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. Figure 4.26(e) shows the formation of non uniformly 
shaped droplets, globules, pores and cracks.   
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Figure 4.26(f-g) shows decrease in size of droplets, globules and pores alongwith refilling of cracks 
due to enhanced melting with increase in number of laser pulses up to 1500.  
 
  
Figure 4.26: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of propanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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The formation of nanocones is also observed in figure 4.26(g). For 2000 number of laser pulses 
droplets, pores and cracks with significantly enhanced size are observed (figure 4.26h).  
Figure 4.26(i-l) reveals the surface morphology of the peripheral ablated areas of Ti samples after 
irradiation in ambient environment of propanol for various number of laser pulses i.e. (i) 500, (j) 
1000, (k) 1500 and (l) 2000. Figure 4.26(i) shows large number of globules, pores and cracks. For 
1000 laser pulses, figure 4.26(j) shows increase in size of uplifted globules, alongwith large 
number of pores. For further increase in number of laser pulses up to 1500 (figure 4.26k) bumps 
are observed alongwith enhanced density of craters. For 2000 number of laser pulses (figure 4.26l), 
large sized crater with an average diameter of 6.3 µm surrounded multiple ablative layers is 
observed. The periphery of the crater is like the petals of flower.  
The development of multiple ablative layers can be due to creation and expansion of bubbles [136]. 
Rings will be formed on the metallic surface due to diffraction of the laser beam by the bubbles. 
The heat of vaporization and dissociation necessary to form bubbles at the metal-liquid interface 
locally cool the target surface, exciting a capillary wave in the molten Ti through Marangoni flow 
[137, 138]. The vaporization and dissociation remove thermal energy from the molten surface just 
beneath the bubble causing it to cool rapidly. The increase of temperature results in decrease in 
surface tension and the adjacent hot liquid starts flowing towards colder region resulting in 
deformation of the surface [85]. This deformation is attributable to the formation of circ ular 
capillary waves. Superposition of the capillary waves after multipulse irradiation, causes organized 
periodic surface structures. The high rate of heating and cooling results in incredible temperature 
gradients [5, 139]. This is the basic cause of the production of residual stresses which are 
responsible for the growth of island like structures and bump formation [5, 139].  
Figure 4.27 reveals the surface morphology of overall (a-d), magnified central ablated areas (e-h) 
and magnified peripheral ablated areas (i-l) of Ti samples after irradiation in ambient environment 
of de-ionized water for various number of laser pulses i.e. 500, 1000, 1500 and 2000. SEM images 
of figures 4.27(a-d) represent the morphology of the overall ablated area after irradiatio n for 
various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Nonuniform ablated 
area of size ~260 µm x 240 µm is formed after irradiation with 500 laser pulses.  
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Figure 4.27: SEM images revealing the surface morphology of Ti samples after irradiation in an 
ambient environment of de-ionized water, for various number of femtosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
  
120  
  
Self organized multiple wavy patterns are observed over the ablated area with an average spacing 
of 20 µm. Figure 4.27(b-d) shows no significant effect on the size of ablated area but an increase 
in spacing of wavy patterns is observed with increase in number of laser pulses up to 2000.   
SEM images of figure 4.27(e-h) represents the surface morphology of central ablated area of Ti 
samples after irradiation in an ambient environment of de-ionized water for various number of 
laser pulses i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000. Figure 4.27(e) shows the formation of 
Laser Induced Periodic Surface Structures (LIPSS) with an average periodicity of 272 nm along 
with cracks and globules. Increase in number of laser pulses to 1000 (figure 4.27f) shows formation 
of cones, globules, enhanced density of cracks and disordered LIPSS. Further increase in number 
of laser pulses up to 1500 (figure 4.27g) results in complete disappearance of periodic structures. 
An enhanced size and density of cracks, cones and globules is also observed. For 2000 laser pulses 
crakes, pores, bumps and uplifted globules are observed (figure 4.27h).  
SEM images of figures 4.27(i-l) reveal the surface morphology of the peripheral ablated area of Ti 
samples after irradiation in ambient environment of de-ionized water for various number of laser 
pulses i.e. (i) 500, (j) 1000, (k) 1500 and (l) 2000. Figure 4.27(i) shows bumps, uplifted globules, 
large number of pores, cracks and some signs of melting. Increase in number of laser pulses up to 
1000 results in enhanced size and density of exploded bumps and uplifted globules (figure 4.27j). 
Decrease in number density of pores and cracks is also observed due to enhanced melting. Further 
increase in number of laser pulses up to 1500 results in formation of craters merged in each other 
(figure 4.27k). Large sized crater is formed after irradiation with 2000 number of laser pulses with 
an average diameter of 6 µm (figure 4.27l). This crater is surrounded by multiple ablative layers 
alongwith an appearance of globules like structures and randomly oriented emerging out branches.   
Formation of pores and cavities on the surface of Ti after irradiation in ambient environment of 
de-ionized water can be related to violent boiling and bubble formation in the superheated liquid 
layer. Inside the liquid layer, bubbles burst out due to the turbulence of the boiling, and rapid 
cooling results in the formation of pores and cavities while, the frozen melt form the bump/cone 
like structures [53, 130]. The etching of material around impurity islands can also be one of the 
frequently observed cone-formation mechanisms. The impurity atoms act as seeds for the cone 
formation if they have lower sputter yield than the surrounding surface or a higher melting point 
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[140]. The formation of nanocones and globules can also be attributable to quick solidification of 
the melted layer [141, 142]. The generation of LIPSS can be explained on the basis of Surface  
Plasmons (SP’s)  theory [132]. The excitation of surface plasmon polariton by isolated surface 
imperfections and rough surfaces causes the formation of LIPSS after irradiation by cumula t ive 
laser pulses [143]. During multipulse irradiation, first few laser pulses enhance the roughness of 
the target surface and a critical density of electrons is close to the sample surface. At normal 
incidence the laser electric field (E) would stimulate oscillations parallel to the surface. Due to 
surface irregularities, the laser light scattered tangentially to the surface and results in a standing 
wave pattern. The combined incident, reflected and diffracted waves could give an E-field 
distribution, which is able of driving localized plasma oscillations [15, 132]. This results in 
dislocation of material in the form of ripples (LIPSS) [15, 132]. Disappearance  of ripples with 
increase in number of pulses is attributable to the fact that high number of pulses may lead to 
migration of atoms and clusters that results in disappearance of organized structures formed by 
initial pulses [144].   
Comparison of both air and liquid ablation mechanisms shows significant dissimilarities in surface 
morphology of ablated Ti. During ablation in air ambient, irregular shaped deep ablated area is 
formed whose size increases with increase in number of laser pulses. During ablation in liquids the 
surface morphology of the ablated area is smoother and much larger in size. The ablated area 
formed in case of ethanol are diffused in appearance as compared to propanol  whereas, the craters 
formed after ablation in de-ionized water are more clear and distinct compared to those produced 
in ethanol and propanol. This can be due to the difference in energy absorption i.e 4.14% for 
ethanol, 2.76% for propanol and 2.07% for de-ionized water. Increasing number of pulses shows 
no effect on the size of the ablated area in liquids.   
In case of ablation in air environment, LIPSS are observed alongwith microsized island like 
structures, nano LIPSS, craters, cavities and cracks. In case of ethanol environment, both central 
and peripheral ablated areas show the formation of two types of LIPSS, (a) nanoscale LIPSS with 
periodicity much less than the laser wavelength (~λ/3) and (b) microscale LIPSS with periodicity 
much greater than the laser wavelength (1 µm to 2 µm). Ablation in propanol environment show 
formation of nanospheres, globules, pores, cavities and cracks. In case of ambient environment of 
de-ionized water formation of LIPSS, cone, globules, pores and cracks is observed. Formation of 
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large sized craters surrounded by multiple ablative layers is observed for propanol and de-ionized 
water environments. Surface features produced during liquid ablation are much cleaner than that 
in air. As a result of laser induced rise in temperature vapor bubbles are produced in the liquid. 
The generated bubbles are accompanied with shock waves, which will provide an additional force 
to clean off the debris induced by laser ablation. The enhanced mechanical wave emission helps 
the removal of laser ablated materials [144-146].  
Relatively fine periodic structures with significantly less periodicity are formed during ablation in 
liquids as compared to air environment. This fact is explainable on the basis of confinement effects 
of liquid which prevent the free expansion of plume and chaotic movement of ejected material 
during laser ablation and serves for the fixation of surface waves, in a well defined manner. This 
confinement can induce more energy and pressure [147] as compared to air and consequently, fine 
periodic structures with smaller periodicity are grown. The decrease in periodicity of LIPSS with 
increase in number of laser pulses is due to a grating-assisted surface plasmon-laser coupling 
process [148]. As the LIPSS like surface features gets deeper, the resonant wavelength of the 
surface plasmon polaritons will undergo a blue shift. This causes a decrease in the periodicity of 
LIPSS during multipulse feedback phase of LIPSS generation [132]. The possible reason for 
increase in periodicity of LIPSS is the accumulative energy absorption by the Ti surface and 
correspondingly large-scale material deformation and imprinting with increase in number of 
pulses.  
Comparison of nanosecond and femtosecond laser ablation of Ti shows signif icant dissimilarit ies 
in the surface morphology of irradiated targets. Nanosecond laser ablated Ti in air environment 
shows large sized diffused grains. Whereas, femtosecond laser ablated Ti shows nano/microsca le 
LIPSS. In case of nanosecond laser ablation of Ti in ethanol, small sized well defined grains are 
observed while in case of femtosecond laser ablated Ti, formation of two types of LIPSS, (a) 
nanoscale LIPSS and (b) microscale LIPSS is observed. In case of propanol, nanosecond laser 
ablated Ti shows development of uplifted globule like grains whereas, in case of femtosecond laser 
formation of dendritic structures, globules, large density of pores and cracks are observed. In case 
of nanosecond ablation in de-ionized, grains with diffused boundaries are observed. Femtosecond 
laser ablated Ti in de-ionized water shows fine LIPSS alongwith formation of cones, globules and 
enhanced density of crack. The difference in the surface morphology after irradiation with 
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nanosecond and femtosecond lasers can be explained on the basis of difference in wavelength and 
absorptivity of Ti for both nanosecond (λ = 248 nm, absorptivity = 75%) and femtosecond (λ = 
800 nm, absorptivity = 45%) lasers.  
4.2.1.2 EDS Analysis  
Chemical analysis of the un-irradiated and femtosecond laser irradiated Ti targets at a fluence of 
3.6 Jcm-2 under ambient environments of air, ethanol, propanol and de-ionized water is illustrated 
in table 4.4.   
Table 4.4: Chemical analysis of the unirradiated and femtosecond laser irradiated Ti targets 
exposed to 1000 laser pulses at a fluence of 3.6 Jcm-2, under ambient environments of air, ethanol, 
propanol and de-ionized water.  
Elements  Untreated 
(wt.%)  
Air  
(wt.%)  
Ethanol 
(wt.%)   
Propanol 
(wt.%)  
Water (wt.%)  
Ti  84.19  70.13  64.47  66.41  62.06  
Zr  1.13  0.59  1.12  1.57  4.02  
Al  6.17   3.04  4.19  4.79  3.52  
V  2.94  1.76  2.82  1.16  2.82  
C  5.57  1.65  7.21  6.42  2.06  
O  ----  22.83  20.19  19.65  25.52  
  
Un-irradiated sample shows following contents: Ti 84.19 wt. %, balanced to 100% by Zr (  1.13 
wt.%), C ( 5.57 wt.%), Al (  6.17 wt.%) V (  2.94 wt.%). After irradiation under ambient 
environment of air, the oxygen content increased up to ~ 22.83 wt.% with decrease in contents of  
aluminum from 6.17 wt.% to 3.04 wt.%, zirconium from 1.13 wt.% to 0.59 wt.%, vanadium from 
2.94 wt.%  to 1.76 wt.% and carbon from 5.57 wt.%  to 1.65 wt.%. Whereas, during irradiation in 
ethanol environment ~ 20.19 wt.% content of oxygen and ~ 7.21 wt.% carbon is found.   
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Decrease in content of aluminum to 4.19 wt.% and vanadium to 2.82 wt.% is observed. Increase 
in content of oxygen up to ~ 19.65 wt.% and carbon up to 6.42 wt.%  is observed during irradiat ion 
in ambient environment of propanol whereas, decrease in content of aluminum and carbon to 4.76 
wt.%, 1.16 wt.% respectively, is observed. After irradiation under ambient environment of de-
ionized water, ~ 25.52 wt.% content of oxygen is found while decrease in contents of aluminum, 
vanadium and carbon to 3.52 wt.%, 2.82 wt.% and 2.06 wt.% respectively, is observed. The recoil 
pressure of laser-induced plasma enhances the diffusion of oxygen/carbon atoms to the interstit ia l 
cites due to adsorption of atomic oxygen [149, 150].  
Comparison of the EDS results of both nanosecond laser ablated Ti (Table 4.1) and femtosecond 
laser ablated Ti (Table 4.4) shows increase in content of oxygen for all mediums i.e. air, ethanol, 
propanol and de-ionized water. However enhanced diffusion of oxygen is observed in case of 
nanosecond laser ablation of Ti.   
4.2.1.3 XRD Analysis  
XRD analysis was carried out in order to investigate the structural changes in the ablated Ti. Figure 
4.28(a) shows the X-Ray diffractograms of the unirradiated and laser irradiated Ti exposed for 
various number of laser pulses, under ambient environment of air. In case of unirradiated Ti, 
hexagonal phases of Ti (100), (002), (101), (102), (110), (103), (200) (112) and (281) are identified. 
New phases of Ti oxide (Anatase): TiO2 (103), (213), (220); (Rutile): TiO2 (111), (211) and (221); 
(Hexagonal) Ti6O (202) are observed along with the original phases of  
Ti.   
Crystallite size is evaluated for TiO2 (103) plane reflection by using Scherrer’s formula (Eq. 4.1) 
[108]. The residual strains are evaluated by using equation 4.2 [95, 108]. For TiO2 with value of  
Young’s modulus equal to 282.76 GPa the  induced stresses are calculated by using equation 4.3 
[109].   
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Figure 4.28: (a) XRD patterns of the pristine and femtosecond laser irradiated Ti exposed to 
various number of laser pulses at a fixed fluence of 3.6 Jcm-2under ambient environment of air (b) 
the variation in the crystallite size and stresses for varying pulses.   
  
Peak intensity (figure 4.28a) of TiO2 (103) plane reflection decreases with increase in number of 
laser pulses up to 2000. The decrease in the peak intensity is due to interstitial diffusion of oxygen 
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atoms into the surface and decrease in crystallite size (figure 4.28b) [106]. Interstitial diffusion of 
oxygen atoms/ions induces microstrain defects and these induced defects cause an increase in 
FWHM and reduction in the peak intensity and crystallite size [5].  
Figure 4.28(b) shows the variation in crystallite size and residual stresses, evaluated for TiO2 (103) 
plane reflection, as a function of increasing laser pulses. For 500 number of laser pulses highly 
tensile stresses are dominant. Increase in number of laser pulses up to 2000 results in the relaxation 
of tensile stresses. Relaxation in tensile residual stresses is due to reduction in crystallite size. 
Diffusion of oxygen atoms into the surface causes the decrease in crystallite size and hence causes 
the relaxation of highly tensile stresses (presence of oxygen is also confirmed from EDS analys is) 
[5]. Relaxation of tensile residual stresses can also be due to annealing effect after increasing 
multiple laser-irradiations. The defects and stresses produced by initial pulses are annealed and 
relaxed after successive pulses [48]. Peak shift to higher angular position with increasing number 
of pulses is representing the relaxation of tensile residual stresses [12]. Melting of target and 
ionization of the ambient air takes place during irradiation which increases the reaction rate 
between the molten layers of target and atomic oxygen. This reaction during the resolidifica t ion 
causes the formation of several new phases of oxides of Ti [106].   
These results are well correlated with SEM results. Laser induced thermal shocks causes the 
formation of cavities whereas, the relaxation of compressive stresses is responsible for the 
formation conical nanostructures [151]. The formation of pores and craters after irradiation with 
500 number of laser pulses in ambient environment of air (figure 4.24a) is attributable to the 
presence of highly tensile residual stresses. The observed refilling of pores and craters for melted 
material along with formation of periodic structures with increasing number of laser pulses up to 
2000 is attributable to relaxation of tensile residual stresses.    
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Figure 4.29: (a) XRD patterns of the pristine and femtosecond laser irradiated Ti exposed to 
various number of laser pulses at a fixed fluence of 3.6 Jcm-2 under ambient environment of ethanol 
(b) the variation in the crystallite size and stresses for varying pulses.  
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Figure 4.30: (a) XRD patterns of the pristine and femtosecond laser irradiated Ti exposed to 
various number of laser pulses at a fixed fluence of 3.6 Jcm-2 under ambient environment of 
propanol (b) the variation in the crystallite size and stresses for varying pulses.   
  
  
129  
  
Figure 4.29(a) shows the X- Ray Diffractograms of the pristine and of laser irradiated Ti exposed 
for various number of laser pulses, i.e., 500, 1000, 1500 and 2000, under ambient environment of 
ethanol. New phases of Ti oxide (Anatase): TiO2 (103), (213) and (220); (Hexagonal) Ti6O (203) 
and Ti carbide (Cubic): TiC (220) are observed along with the original phases of Ti. Figure 4.29(b) 
shows the variation in crystallite size and residual stresses as a function of increasing laser pulses.   
The sharp increase in peak intensity of (103) plane reflection (figure 4.29a) is observed with 
increase in number of laser pulses up to 2000 and is attributable to increase in crystallite size (figure 
4.29b) and enhancement of diffraction of X-rays from target surface. Figure 4.29(b) also shows 
monotonic increase in tensile residual stresses with increase in number of laser pulses up to 2000. 
Thermally induced shocks results into increasing tensile stresses or it can be due to increased 
crystallite size. An enhancement of density of cracks observed in figures 4.25(e-h) with increase 
in number of laser pulses up to 2000 is attributable to monotonic increase in tensile residual 
stresses. The enhanced effects of thermal shocks and stresses cause pronounced cracking [95].   
Figure 4.30(a) shows the X- Ray Diffractograms of the pristine and of laser irradiated Ti under 
ambient environment of propanol exposed to various number of laser pulses i.e. 500, 1000, 1500 
and 2000. New phases of Ti oxide (Anatase): TiO2 (103), (213), (220); (Rutile): (111), (211); Ti 
carbide (cubic): TiC (220); Ti hydride (Tetragonal): TiH (200) and (Cubic) TiH2 (220) are 
observed along with the original phases of Ti. Figure 4.30(b) shows the variation in crystallite size 
and residual stresses, evaluated for TiO2 (200) plane reflection, as a function of increasing laser 
pulses.  
The continuous increase in peak intensity, crystallite size and tensile residual stresses for TiO 2  
(103) plane reflection is observed with increase in number of laser pulses up to 2000. An 
enhancement of density of pores and cracks observed in figures 4.26(e-h) with increase in number 
of laser pulses up to 2000 is attributable to monotonic increase in tensile residual stresses.   
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Figure 4.31: (a) XRD patterns of the pristine and femtosecond laser irradiated Ti exposed to 
various number of laser pulses at a fixed fluence of 3.6 Jcm-2 under ambient environment of 
deionized water (b) the variation in the crystallite size and stresses for varying pulses.   
Figure 4.31(a) shows the X- Ray Diffractograms of the unirradiated and laser irradiated Ti exposed 
for various number of laser pulses, under ambient environment of de-ionized water.  
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New phases of Ti oxide (Anatase): TiO2 (103), (213), (220); Rutile (211); (Hexagonal) Ti6O (202), 
Ti hydride (Tetragonal): TiH (200) and (Cubic) TiH2 (220) are observed along with the origina l 
phases of Ti. Figure 4.31(b) shows the variation in crystallite size and residual stresses, evaluated 
for TiO2 (103) plane reflection, as a function of increasing laser pulses.  
The monotonic increase in peak intensity and crystallite size of TiO2 (103) plane reflection is 
observed (figure 4.31a) with increase in number of laser pulses up to 2000.   
Figure 4.31(b) shows increase in thermal shock induced tensile residual stresses with increase in 
number of laser pulses up to 2000. Increased crystallite size due to atomic diffusion across the 
grain boundaries can also be a reason for increase in tensile residual stresses. These results are well 
correlated with the surface features observed in figures 4.27(e-h). The enhanced density of pores 
and cracks observed in figure 4.27(e-h) with increase in number of laser pulses up to 2000 is 
attributable to monotonic increase in tensile residual stresses.  
Comparison of both media (dry and wet) shows formation of oxides of Ti (especially TiO2) in both 
media but presence of carbide is confirmed only in case of ethanol and propanol. Hydrides are 
formed during irradiation in de-ionized water and propanol. From the discussion of XRD data, it 
is confirmed that femtosecond laser irradiation of Ti is important in formation of TiO2 (Anatase & 
Rutile Phases) and hydrides (TiH, TiH2) having applications in many fields of industry [152, 153]  
Comparison of the XRD data of nanosecond and femtosecond laser ablated Ti in both dry and wet 
environments shows significant dissimilarities in chemical composition. In case of nanosecond 
laser ablation of Ti in air, oxides along with nitrides are formed while, after ablation in liquid media 
Ti shows formation of oxides alongwith hydrides. While, femtosecond laser ablated Ti shows 
formation of oxides in air and oxides alongwith hydrides and carbides in liquids.   
4.2.1.4 Raman spectroscopy   
Figure 4.32 represents the Raman spectrographs of Ti targets irradiated at a fluence of 3.6 J/cm2 in 
ambient environments of (a) air, (b) ethanol for 1000 number of laser pulses.   
Figure 4.32(a) represents the Raman spectrographs of Ti irradiated at a fluence of 3.6 J/cm2 in 
ambient environment of air. Raman modes are generated on the surface of Ti after laser ablation 
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and growth of oxides on the metallic surface. An intense Raman peak identified at 240 cm-1 is the 
characteristic band of Rutile phase of TiO2. Some other small peaks observed at 143, 418 and 448 
cm-1 also represents the Rutile phase of TiO2. Peaks observed at 399, and 519 cm-1 are the 
characteristic bands of Anatase phase of TiO2 [154-156].  Peaks observed at 498 cm-1 and 546 cm-
1 represent the presence of Ti-O. Raman bands observed at 706, 731, 751 and 779 cm-1 correspond 
to Ti=O [157].   
For figure 4.32(b) intense Raman peaks identified at 197, and 519 cm-1 are the characteristic bands 
of Anatase TiO2. Two peaks of Rutile phase of TiO2 are observed at 418 and 826 cm-1. Raman 
bands at 300 and 349 cm-1 have been identified and corresponding to the acoustic and optical modes 
of the phonon spectra of a non-stoichiometric oxycarbide TiCxOy phase [154-156, 158]. Raman 
peak observed at 772 cm-1 shows the presence of Ti=O bond [157].   
Figure 4.33 represents the Raman spectrographs of Ti targets irradiated at a fluence of 3.6 J/cm2 in 
ambient environments of (a) propanol and (b) de-ionized water, for 1000 number of laser pulses.    
For figure 4.33(a) Raman peaks identified at 144, 197 cm-1 represent the Anatase phase of TiO2  
whereas, Raman peaks observed at 418 and 607 cm-1 are assigned to tetragonal Rutile phase of 
TiO2. Peaks observed at 322, 346 and 384 cm-1 are acoustic and optical modes of the phonon 
spectra of a non-stoichiometric oxycarbide TiCxOy phase [154-156, 158] while peaks at 670, 682 
and 780 cm-1  are  identified as the characteristic band of TiH. Raman peak identified at 933 cm-1 
is the charecteristic of Ti=O whereas, peak observed at 277 cm-1  represents the presence of 
titanocene derivatives (C5H5)nTi [157].  
Figure 4.33(b) represents the Raman spectrograph of Ti irradiated at a fluence of 3.6 J/cm2 in 
ambient environment of de-ionized water for 1000 laser pulses. The Raman peaks identified at 
144, 513, 519 cm-1 represent the tetragonal Anatase phase of TiO2 while, the Raman Peak observed 
at 418 cm-1 are assigned to tetragonal Rutile phase of TiO2[154-156, 158]. Raman peak observed 
at 310 cm-1 is the charecteristic of Ti-O. Raman peaks at 740 and 792 cm-1 are identified as the 
characteristic band of TiH [157].  
Raman peaks at 740 and 792 cm-1 are identified as the characteristic band of TiH [157].   
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Figure 4.32: Raman spectrographs of the Ti targets exposed to 1000 femtosecond laser pulses at 
a fluence of 3.6 Jcm-2 in ambient environments of (a) air and (b) ethanol. (R represents Rutile phase 
while, A shows the presence of Anatase phase of TiO2)  
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Figure 4.33: Raman spectrographs of the Ti targets exposed to 1000 femtosecond laser pulses at 
a fluence of 3.6 Jcm-2 in ambient environments of (a) propanol and (b) de-ionized water (R 
represents Rutile phase while, A shows the presence of Anatase phase of TiO2).  
  
   
Comparison of all four media, air, ethanol, propanol and de-ionized water shows the formation of 
mixture of Anatase and Rutile phases of TiO2. During irradiation in air and propanol environments, 
major contribution is due to rutile phase of TiO2 while in case of de-ionized water major 
contribution is due to the anatase phase of TiO2. Titanocene derivative (C5H5)nTi and 
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nonstoichiometric oxycarbide TiCxOy phase is formed only in case of propanol. Irradiation in 
ambient environment of propanol and de-ionized water also confirms the formation of Ti hydride. 
Similar results are seen during XRD analysis which confirms the formation of both Anatase and 
Rutile TiO2 alongwith the formation of hydrides of Ti during ablation in de-ionized water and 
propanol. Additional phases of oxides are formed due to high temperature in confined region.   
When femtosecond laser pulses interacts at the liquid-solid interface produces an excessive energy 
and the release of pulse energy can occur in an ultra-short time. Species are ejected with high 
kinetic energy. The plasma plume expands adiabatically while the liquid confines it. The 
confinement effects of liquid results  plasma plume into a more high thermodynamic state in which 
the pressure and temperature are very high [159, 160]. The plume species collide and react with 
the surrounding liquid molecules in these extreme states. Moreover, the cooling effects of the 
liquid can cause quenching of the plasma plume which solidifies and preserves materials in the 
final yield. In our case, at room temperature, Anatase and Rutile phases of TiO2 and TiH are 
synthesized and reserved after fast quenching of the plasma plume. Hence, femtosecond pulsed 
laser ablation in liquids is favorable for the synthesis and stabilization of Anatase and Rutile phases 
of TiO2 and TiH.  
  
  
  
  
  
  
4.2.2 Femtosecond laser ablation of Zr in dry and wet ambient 
environments.  
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4.2.2.1 SEM Analysis  
SEM images in figure 4.34 reveal the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Zr samples after irradiation in 
ambient environment of air for various number of laser pulses i.e. 500, 1000, 1500 and 2000 at a 
fixed fluence of 3.6 J/cm-2.   
SEM image of figure 4.34(a) is the overall view of the Zr sample after irradiation with 500 laser 
pulses. Non-uniform ablated area is formed with heat affected zone (HAZ) of 120 µm x 80 µm. 
Non-uniform surface and large sized crack near the periphery is revealed, representing the non 
uniform energy deposition. Presence of redeposited material is also observed. Increase in number 
of laser pulses to 1000 (figure 4.34b) results in increase in size (up to 126 µm x 82 µm) of the 
HAZ. Increase in density of cracks is also observed. Further increase in number of laser pulses up 
to 2000 (figure 4.34d) shows increase in the size of HAZ up to 132 µm x 84 µm.   
SEM images in Figures 4.34(e-h) represent the magnified central ablated area of Zr samples after 
irradiation in an ambient environment of air for various number of laser pulses i.e. (e) 500, (f) 
1000, (g) 1500 and (h) 2000.  For 500 number of laser pulses, nano structures covered laser induced 
periodic surface structures (NC-LIPSS) with an average periodicity of about 650 nm are seen 
(figure 4.34e). Nanostructures are composed of channel like structures, globules and nanocones 
with spherical top ends. With increase in number of pulses to 1000 (figure 4.34f), the sparsely 
distributed nanoscale structures are transformed into cellular like structures as shown in figure 
4.34(e). Increase in the sizes of channels and globules are observed alongwith disappearance of 
nanocones. The surface morphology after irradiation with 1500 pulses is shown in the figure 
4.34(g). Large sized randomly distributed globules over the whole surface are observed. For 2000 
number of laser pulses (figure 4.34h), accumulative absorption of photons causes melting and 
disappearance of nanostructures.  
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Figure 4.34: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of air, for various number of femtosecond laser pulses of 500, 1000, 1500 
and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
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Figure 4.35: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of ethanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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SEM images of figures 4.34(i-l) reveal the magnified peripheral ablated area of the Zr targets after 
irradiation in an ambient environment of air for various number of pulses i.e. (i) 500, (j) 1000, (k) 
1500 and (l) 2000. Figure 4.44(i) shows the presence of organized sub-wavelength  
LIPSS with an average periodicity of 390 nm, which is ~  (λ) (half of the laser wavelength of 
800 nm). For 1000 pulses observed LIPSS shows average period of 590 nm which is ~  (λ) 
(figure 4.34j). Further increase in number of laser pulses up to 1500 results in formation of 
unorganized and broken LIPSS with an average periodicity of 820 nm which is ≈ λ = 800 nm 
(figure 4.34k). For 2000 number of pulses (figure 4.34l) disappearance of LIPSS with appearance 
of smooth surface is observed due to melting of the target surface owing to accumula t ive 
absorption of photons. More number of laser pulses lead to migration of clusters/atoms and results 
in disappearance of organized structures formed by initial pulses.    
The formation of nanocones, channel and globule like structures is due to irradiation by 
accumulative laser pulses. It is associated to the difference in absorption efficiency of the material 
in different regions due to voids, inhomogeneities and point defects at the surface relief [141, 142].   
Images in figure 4.35 reveal the surface morphology of overall (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l) of Zr samples after irradiation in ambient 
environment of ethanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000. Figure 
4.35(a) shows the surface morphology of the ablated area of size 260 µm x 238 µm after irradiat ion 
with 500 laser pulses. The ablated area produced in ambient environment of ethanol is smoother 
and much larger in size than air. It is also observed that redeposition has been reduced significantly 
compared to air environment. Increase in number of laser pulses up to 2000, does not effect on the 
size of ablated area after irradiation in ethanol as observed in figures 4.35(b-d).   
SEM images of figures 4.35(e-h) represent the magnified view of central ablated areas of Zr targets 
in an ambient environment of ethanol for various number of laser pulses i.e. (e) 500, (f) 1000, (g) 
1500 and (h) 2000. Development of different features like LIPSS, cracks, cones, globules, 
nanopores along with some signs of melting and splashing are revealed in the central section of 
figure 4.35(e). While at the edges of figure 4.45(e), LIPSS with an average periodicity of 360 nm 
are observed along with presence of some cracks. With increase in number of laser pulses up to 
1000, enhanced splashing and higher density of cones is observed at the inner ablated area of figure 
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4.35(f). Fine LIPSS with an average period of 330 nm, increased density of cracks along with 
decrease in size and increase in density of nanopores is observed across the outer edge of figure 
4.35(f). Further increase in number of laser pulses up to 1500 results in more ordered form of 
LIPSS with an average periodicity of 280 nm along with enhanced size and density of cones, 
globules and nanopores. Irradiation for 2000 number of laser pulses shows no significant effect on 
the average periodicity of LIPSS (figure 4.35h). Enhanced density of cones and globules is 
observed alongwith increased size of nanopores.   
SEM images of figures 4.35(i-l) show the magnified surface morphology of peripheral ablated 
areas of Zr targets in an ambient environment of ethanol for various number of laser pulses i.e. (i) 
500, (j) 1000, (k) 1500 and (l) 2000. Formation of LIPSS with an average periodicity of 370 nm is 
observed (figure 4.35i) alongwith some droplets after irradiation with 500 laser pulses. Figure 
4.35(j) shows enhanced density of pores and cracks for 1000 number of laser pulses. LIPSS are 
also seen on top right corner of figure 4.35(j). LIPSS with an enhanced period of 340 nm are 
observed along with increase in density of pores and cracks for 1500 number of laser pulses (figure 
4.35k). Further increase in number of laser pulses up to 2000 results in the formation LIPSS with 
an average period of 320 nm.   
SEM images of figure 4.36 reveals the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Zr samples after irradiation in 
ambient environment of propanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000 
at a fixed fluence of 3.6 J/cm2.   
SEM images of figures 4.36(a-d) represent the overall view of the ablated Zr targets for various 
number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Figure 4.36(a) shows wavy 
shaped modified morphology with size of ~300 µm x 260 µm. No significant redeposited material 
across the periphery is seen. Increase in number of pulses up to 1500 (figure 4.36c) shows some 
randomly distributed craters with no effect on the size of the ablated area. Increase in number 
density of randomly distributed craters is observed with increase in number of laser pulses up to 
2000 (figure 4.36d) alongwith no change in the size of ablated area. The measured percentage 
energy loss in propanol (2.76%) is more than de-ionized water (2.07%), which may be a reason 
for wavy shaped morphology of the ablated area.   
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Figure 4.36: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of propanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
The wavy shaped modified morphology can also be attributed to the formation of excessive 
hydrides in propanol as compared to de-ionized water [5].  
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SEM images of figures 4.36(e-h) reveal the magnified surface morphology of the central ablated 
area of Zr targets after irradiation in an ambient environment of propanol for various number of 
laser pulses (e) 500, (f) 1000, (g) 1500 and (h) 2000. Figure 4.36(e) shows non-uniform distribution 
of sponge like surface structure along with cones, cracks and some signs of melting for 500 number 
of laser pulses. For 1000 pulses, increase in density of cracks but decrease in size of nanopores and 
number density of cones is observed (figure 4.36f).  Further increase in number of laser pulses up 
to 2000 (figure 4.36h), results in an increase in number density of pores. However, a decrease in 
size and number density of cracks and nanocavities is observed due to enhanced melting [161].  
SEM images of figures 4.36(i-l) show the magnified surface morphology of the peripheral ablated 
area of Zr for various number of laser pulses i.e. (i) 500, (j) 1000, (k) 1500 and (l) 2000, at a fixed 
fluence of 3.6 J/cm2. Structures formation is not observed at peripheral ablated areas. It only shows 
cavities, cracks and flake like structures which are attributable to exfoliational sputtering [144]. 
Increasing number of laser pulses show no significant change in surface morphology of the ablated 
area. Inset of figure 4.36(l) shows the magnified image of the crater with diameter of 4.87 μm 
formed after irradiation in propanol environment. This crater is surrounded by multiple ablative 
layers alongwith an appearance of randomly oriented emerging out branches and globule like 
structures and cracks.  
Images in figure 4.37 represent the surface morphology of overall (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l) of Zr samples after irradiation in ambient 
environment of de-ionized water for various number of laser pulses i.e. 500, 1000, 1500 and 2000 
at a fixed fluence of 3.6 J/cm2. Figure 4.37(a-d) represents the overall view of the ablated area of 
Zr targets for various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Modified 
smooth surface morphology with size of ~ 325 µm x 260 µm is observed after irradiation with 500 
laser pulses (figure 4.37a). In figures 4.37(b-d), no significant change in the size of the ablated area 
is observed with increase in number of laser pulses up to 2000.  
However, for 2000 pulses (figure 4.37d) the ablated area shows the presence of large number of 
self-organized craters with an average spacing of 20 µm.   
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Figure 4.37: SEM images revealing the surface morphology of Zr samples after irradiation in an 
ambient environment of de-ionized water, for various number of femtosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
SEM images of figures 4.37(e-h) reveal the surface morphology of the central ablated areas of Zr 
after irradiation in an ambient environment of de-ionized water for various number of laser pulses 
i.e. (e) 500, (f) 1000, (g) 1500 and (h) 2000, for a fixed fluence of 3.6 J/cm2. One large sized cavity 
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alongwith large number of pores, non-uniform and incomplete melting of the target is observed 
for 500 laser pulses (figure 4.37e). Figure 4.37(f-g) shows reduced melting and development of 
laser induced periodic surface structures (LIPSS) with an average periodicity of about 340 nm with 
increase in number of pulses up to 1500. For 2000 laser pulses LIPSS with an average periodicity 
of 370 nm are observed alongwith high density of cavities, pores and crakes (figure 4.37h).   
SEM images of figures 4.37(i-l) reveal the surface morphology of the peripheral ablated area of Zr 
after irradiation in an ambient environment of de-ionized water for various number of laser pulses 
i.e. (i) 500, (j) 1000, (k) 1500 and (l) 2000, at a fixed fluence of 3.6 J/cm2. Figure 4.37(i) shows 
the initial stage of LIPSS formation alongwith the development of nanocones, pores, cavities 
alongwith some signs of melting and splashing for 500 number of laser pulses. Increase in number 
of pulses up to 1000 (figure 4.37j) shows LIPSS with an average periodicity of 320 nm alongwith 
reduced melting. Further increase in number of laser pulses up to 2000 results in increase in the 
average periodicity of LIPSS up to 380 nm (figure 4.37l). Inset of figure 4.37(l) shows the 
magnified SEM image of the crater with diameter of 4.34 μm, formed at the peripheral ablated 
area.   
The observed increase in periodicity of LIPSS at both the central as well as peripheral ablated areas 
is attributable to enhanced energy absorption by the Zr surface with increasing number of laser 
pulses [162]. The formation of nanocones and globules are attributed to quick solidification of the 
melted layer [141, 142].   
The comparison of ablation mechanisms in both dry (air) and wet (ethanol, propanol and deionized 
water) ambient environments show significant dissimilarities in surface morphology of ablated Zr. 
The formation of deep craters, cellular like structures, cavities etc in air ambient can be associated 
with various thermal processes, including surface tension, laser-induced melting and 
resolidification of ablated material. It shows that thermal effects can be observed in femtosecond 
laser–metal interactions for increasing number of laser pulses. When the pulse energy is relative ly 
high and the pulse number is large, high-temperature plasmas and residual energy will heat the 
sample surfaces, resulting in the thermal processes, called residual thermal effects [163, 164]. In 
case of exposure in liquid environment, the sample surface gets cool in the presence of liquids that 
minimize thermal effects and the surface morphologies of the craters become much smoother. The 
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surface morphologies of the craters produced in ethanol, propanol and de-ionized water shows 
different behavior which might be due to the different interacting mechanisms, such as recoil 
pressures, production of bubbles, absorption co-efficient and difference in the boiling point of the 
liquids.  
Development of different features like LIPSS, cracks, cones, globules, nanopores along with some 
signs of melting and splashing are revealed in case of ablation in ethanol. In case of propanol 
environment, sponge like surface structure, cones, cracks and cavities are revealed. No LIPSS are 
seen after irradiation in propanol. In de-ionized water, LIPSS are observed at both the central and 
peripheral ablated areas alongwith pores, cavities, and cracks etc. These results confirm that de-
ionized water is more supportive for the growth of LIPSS.   
During ablation in air, the ablated area shows LIPSS with an average periodicity nearly equal to 
the laser wavelength. Relatively fine periodic structures with significantly less periodicity are 
formed in liquid environment as compared to air environment and are attributable to confinement 
effects of liquid. These effects of liquid prevent the free expansion of plume and chaotic movement 
of ejected material during laser ablation and serves for the fixation of surface waves, in a well 
defined manner [165]. This confinement can induce more energy and pressure [147] as compared 
to air and consequently, fine periodic structures with smaller periodicity are grown.   
Quick rise in temperature during plasma formation and expansion generates cavitation bubbles in 
the liquid environment. The bubble formation would be accompanied with shock waves, which 
will provide an extra source or force to clean off the debris produced by laser ablation [13]. The 
improved mechanical wave emission assists the removal of laser ablated materials. Wee et al. [166] 
reported that the dimension of bubbles induced by femtosecond laser is estimated below 1 µm. 
These bubbles were observed across the periphery of the laser irradiated area, not in the path of 
laser beam. The shockwaves generated by bubble implosion and liquid-jet formation during bubble 
collapse offers a considerable photomechanical effect and pressure impact on the target [167]. The 
laser ablation in liquid confined environment can enhance the efficiency of material ablation in 
terms of nano-structuring by means of explosive vaporization of liquid in association with 
mechanical impact on the target.   
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Comparison of both nanosecond and femtosecond laser ablated zirconium shows significant 
dissimilarities in the surface morphology after irradiation. Nanosecond pulsed laser interaction of 
Zr in air ambient leads to the formation of large sized grains with cavities along the grain 
boundaries. In case of femtosecond laser irradiation of Zr in air, SEM analysis shows formation of 
LIPSS. Nanosecond laser irradiation in ethanol and propanol also confirms the development of 
grain with distinct boundaries. Femtosecond laser irradiated Zr, in case of ethanol environment 
shows LIPSS formation. Whereas, in case of propanol environment sponge like surface structure, 
cones, cracks and cavities are seen. Nanosecond laser ablation of Zr in deionized water shows 
uniform distribution of large number of droplets over the porous surface alongwith presence of 
cracks and cavities. While, in case of femtosecond laser ablation of Zr in de-ionized water LIPSS 
are observed alongwith pores, cavities, and cracks. The difference is attributable to difference in 
density, chemical reactivity and absorption co-efficient of liquids and variations in wavelength of 
the incident laser beam.   
4.2.2.2 EDS Analysis  
Chemical analysis of the unirradiated and femtosecond laser irradiated Zr targets exposed to 1000 
laser pulses at a fluence of 3.6 Jcm-2 under ambient environments of air, ethanol, propanol and de-
ionized water is illustrated in table 4.5.   
Decrease in content of Zr but increase in content of oxygen is observed after irradiation in both dry 
and liquid environments. Increase in content of carbon is observed in case of ethanol only. The 
recoil pressure of laser-induced plasma enhances the diffusion of oxygen atoms to the interstit ia l 
cites due to adsorption of atomic oxygen [149, 150]. Therefore, the irradiated targets carry more 
oxygen content.   
In case of ablation of Zr with nanosecond and femtosecond lasers, EDS analysis confirms increase 
in content of oxygen in both dry and liquid environments. However, increase in content of carbon 
is observed for certain liquids only.   
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Table 4.5 The chemical analysis of the unirradiated and femtosecond laser irradiated Zr targets 
exposed to 1000 laser pulses at a fluence of 3.6 Jcm-2, under ambient environments of air, ethanol, 
propanol and de-ionized water.  
Elements  Untreated (wt. 
%)  
Air (wt. 
%)  
Ethanol (wt. 
%)  
Propanol (wt. 
%)  
De-ionized  
Water (wt. %)  
Zr  87.52  74.22  70.81  84.02  76.67  
B  2.78  1.80  1.08  1.02  2.63  
C  2.82   1.92  3.36  2.51  2.59  
O  4.91  21.02  23.55  11.03  15.55  
Re  1.97  1.04  1.20  1.42  2.56  
  
4.2.2.3 XRD Analysis  
Figure 4.38(a) shows the XRD patterns of the pristine and laser irradiated Zr exposed for various 
number of laser pulses, under ambient environment of air. In case of pristine Zr, hexagonal phases 
of Zr (100), (002), (101), (102), (110), (103), (112) (004) and (104) (Pattern No. 01-0893045) are 
identified.  
New phases of Zr oxide (tetragonal): ZrO2 (102), (220), (114); monoclinic: ZrO2 (-111), (212), 
(311), and ZrO2 (-132) are observed along with the original phases of Zr. The variation in crystallite 
size and residual stresses of ZrO2 (102) plane reflection as a function of laser pulses are illustrated 
in figure 4.38(b).  
Crystallite size is evaluated for ZrO2 (102) plane reflection by using Scherrer’s formula (eq. 4.1)  
[108]. The residual strains are evaluated by using eq. 4.2. The induced stresses are calculated by 
using the eq. 4.3, for ZrO2, the value of Young’s modulus is 248 GPa at 20 oC [168].   
Both the peak intensity (figure 4.38a) and crystallite size (figure 4.38b) for ZrO2 (102) plane 
reflection increases with increase in number of laser pulses up to 1000.    
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Figure 4.38: (a) XRD patterns of the pristine and laser irradiated Zr exposed to various number of 
laser pulses, at a fixed fluence of 3.6 Jcm-2 (b) the variation in the crystallite size and stresses, 
under ambient environment of air.  
Further increase in number of laser pulses up to 2000 cause a decrease in the peak intensity and 
crystallite size.    
Variation in crystallite size and residual stresses with increase in number of laser pulses is depicted 
in figure 4.38(b). For 500 number of laser pulses less compressive stresses are dominant. Increase 
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in number of laser pulses up to 1000 results in relaxation of compressive stresses and their 
transformation to tensile residual stresses (figure 4.38b). Peak shift to lower angular position is 
also evident for transformation of compressive to tensile residual stresses [161]. For further 
increase in number of laser pulses up to 2000, relaxation of tensile residual stresses and their 
transformation to compressive residual stresses is observed. Peak shift to higher angular position 
confirms relaxation and transformation of tensile residual stresses to compressive stresses [161]. 
These results are well correlated with SEM results observed in figure 4.34(e-h). Increase in size of 
nano walls and globules observed with increase in number of laser pulses up to 1000 (figure 4.34f) 
is attributable to transformation of compressive to tensile stresses.   
For further increase in number of laser pulses up to 2000 enhanced melting of target results in 
disappearance of nanostructures (figure 4.34h). Diffusion of oxygen into the interstitial atomic 
positions results in decreased crystallite size and increased compressive stresses.    
Figure 4.39(a) shows the X- Ray Diffractograms of the pristine, irradiated Zr under ambient 
environment of ethanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000. New 
phases of Zr oxide (tetragonal): ZrO2 (102), (220), (114); monoclinic: ZrO2 (-111), (212), (311), 
and ZrO2 (-132) are observed alongwith the original phases of Zr.  
Continuous increase in peak intensity (figure 4.39a) and crystallite size (Figure 4.39b) is observed 
with increasing number of laser pulses up to 2000. Figure 4.39(b) also shows monotonic increase 
in tensile residual stresses with increase in number of laser pulses up to 2000.  
Increase in size and density of pores, cracks and globules observed in figure 4.35(e-h) with increase 
in number of laser pulses up to 2000 is attributable to monotonic increase in tensile residual 
stresses. The enhanced effects of thermal shocks and stresses cause cracks, enhanced size and 
density of pores, and globules [95].   
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Figure 4.39: (a) XRD patterns of the pristine and laser irradiated Zr exposed to various number of 
laser pulses, at a fixed fluence of 3.6 Jcm-2 (b) the variation in the crystallite size and stresses, 
under ambient environment of ethanol.  
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Figure 4.40: (a) XRD patterns of the pristine and laser irradiated Zr exposed to various number of 
laser pulses, at a fixed fluence of 3.6 Jcm-2 (b)  the variation in the crystallite size and stresses, 
under ambient environment of propanol.  
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Figure 4.40(a) shows the XRD patterns of the pristine and of laser irradiated Zr exposed to various 
number of laser pulses, under ambient environment of propanol. New phases of Zr oxide 
(tetragonal): ZrO2 (102), (114); monoclinic: ZrO2 (-111), (212) and Zr hydride: ZrH (122), (004) 
and (110) are observed along with the original phases of Zr. Figure 4.40(b) shows the variation in 
crystallite size and residual stresses of ZrO2 (102) plane reflection as a function of increasing 
number of laser pulses.  
Continuous decrease in peak intensity and crystallite size is observed with increase in number of 
laser pulses up to 2000. For 500 number of laser pulses tensile stresses are dominant which relax 
with increase in number of laser pulses up to 2000. Peak shift to higher angular position is also 
evident for transformation of tensile to compressive residual stresses. Relaxation of tensile residual 
stresses can be due to annealing effect after increasing multiple laser-irradiations. The defects and 
stresses produced by initial pulses are annealed and relaxed after successive pulses [48]. These 
results are well correlated with change in the surface morphology, Figure 4.36(e-h). Decrease in 
size of nanopores, cracks and nanocavites due to refilling by the melted material is attributable to 
continuous decrease in tensile residual stresses.   
Figure 4.41(a) shows the X- Ray Diffractograms of the pristine and laser irradiated Zr exposed to 
various number of laser pulses, under ambient environment of de-ionized water. New phases of Zr 
oxide (tetragonal): ZrO2 (102), (211), (114); monoclinic: ZrO2 (212), (311); Cubic: ZrO2 (222) and 
Zr hydride: ZrH (004) are observed along with the original phases of Zr.   
Figure 4.41(b) shows the variation in crystallite size and residual stresses evaluated for ZrO 2 (102) 
plane reflection with increasing number of laser pulses.   
Peak intensity (Figure 4.41a) and crystallite size (Figure 4.41b) decreases with increase in number 
of laser pulses up to 1000. Further increase in number of laser pulses up to 2000 results in 
continuous increase in peak intensity and crystallite size of ZrO2 (102) plane reflection.   
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Figure 4.41: (a) XRD patterns of the pristine and laser irradiated Zr exposed to various number of 
laser pulses, at a fixed fluence of 3.6 Jcm-2 (b) the variation in the crystallite size and stresses, 
under ambient environment of de-ionized water.  
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Thermal shock induced tensile residual stresses are dominant for 500 number of laser pulses. 
Which relax and transform to compressive stresses on increase in number of pulses up to 1000. 
Peak shift to higher angular position confirms relaxation and transformation of tensile residual 
stresses to compressive stresses [144, 169, 170]. Further increase in number of laser pulses up to 
2000 results in increasing tensile stresses. Peak shift to lower angular position is also evident for 
transformation of compressive to tensile residual stresses. These results are well correlated with 
SEM results. Highly porous surface and large sized cavity observed in Figure 4.37(e) confirms the 
presence of tensile residual stresses for 500 number of pulses. Refilling of cavities and cracks with 
shock liquefied material results in compressive stresses for 1000 number of pulses (Figure 4.37f). 
Further increase in laser pulses to 2000 again results in enhanced density of pores, cavities and 
cracks (Figure 4.37h), which is evident for presence of highly tensile stresses.  
Comparison of XRD results of both nanosecond and femtosecond laser irradiated Zr targets show 
the formation of oxides for all four ambient environments. Whereas, hydrides are formed 
alongwith oxides during irradiation in liquid environments.   
4.2.2.4 Raman spectroscopy   
Figure 4.42 represents the Raman spectrographs of Zr targets irradiated at a fluence of 3.6 J/cm2 in 
ambient environments of (a) air and (b) ethanol for 1000 laser pulses.   
Figure 4.42(a) shows Raman modes generated on the surface of Zr after laser ablation and 
formation of oxides on the metallic surface. Peaks observed at 146, 267, 429 and 607 cm-1 are the 
characteristic bands of tetragonal phase of zirconia. Raman peaks identified at 176, 223, 332 and 
474 cm-1 represents the monoclinic phase of zirconia [171]. Peaks observed at 486, 633 and 733 
cm-1 represents the presence of ZrO32-. Raman bands observed at 928 and 955 cm-1 corresponds to 
O-O bond [157].   
In figure 4.42(b), Raman peaks identified at 97, 178, 190, 332, 501, 580, and 663 cm-1 represents 
the monoclinic phase of zirconia. Whereas, Raman peaks observed at 145, 267, 429 and 456 cm-1 
are assigned to tetragonal phase of zirconia. Peaks at 701, 780 and 872 cm-1 are the charecterist ics 
of Metal-alkyle compound (M-CH3) rocking vibrations and Raman peak at 968 and 995 cm-1 
confirm the presence of O-O bond.   
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Figure 4.42: Raman spectrographs of the Zr targets exposed to 1000 laser pulses at a fluence of 
3.6 J/cm2 in ambient environments of (a) air and (b) ethanol (m represents monoclinic and T 
represents tetragonal phase of Zr oxide ZrO2)  
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Figure 4.43: Raman spectrographs of the Zr targets exposed to 1000 femtosecond laser pulses at 
a fluence of 3.6 J/cm2 in ambient environments of (a) propanol and (b) de-ionized water (m 
represents monoclinic and T represents tetragonal phase of Zr oxide ZrO2).  
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Figure 4.43 represents the Raman spectrographs of Zr targets irradiated at a fluence of 3.6 J/cm2 in 
ambient environments of (a) propanol and (b) de-ionized water exposed to 1000 laser pulses.   
Figure 4.43(a) represent the Raman peaks identified at 176, 223, 344, 474, 500, 569, 640 and 725 
cm-1 represents the monoclinic phase of ZrO2 whereas, Raman peak observed at 315 cm-1 can be 
assigned to tetragonal phase of ZrO2 [172]. Peak observed at 832 cm-1 is the charecteristics of 
Metal-Hydroxide (M-OH) M-O streching mode [157].   
Figure 4.43(b) represents the Raman spectrographs of Zr irradiated at a fluence of 3.6 J/cm2 in 
ambient environment of de-ionized water for 1000 laser pulses. Raman peaks identified at 149, 
315, 456 cm-1 represents the tetragonal phase of ZrO2 while the Raman peaks observed at 190, 
223, 380, 615 and 725 cm-1 can be assigned to monoclinic phase of ZrO2 [173]. One Raman peak 
is identified at 607 cm-1 which represents the cubic phase of ZrO2 while, peak observed at 403 cm-
1 can be considered as the charecteristics of Metal-Hydroxide (M-OH) [8, 157].   
The comparison of the above four media, air, ethanol, propanol and de-ionized water, shows the 
formation of mixture of monoclinic and tetragonal phases of zirconia after irradiation of Zr all 
media whereas, cubic zirconia is formed only in case of de-ionized water. The formation of Zr 
hydride is also evident in case of propanol and de-ionized water environments. XRD analysis 
confirms the formation of both monoclinc and tetragonal phases of zirconia for all environments 
along with the formation of hydrides of Zr in propanol and de-ionized water environments. 
Formation of cubic zirconia is also observed in case of de-ionized water. As is discussed above, 
femtosecond pulsed laser ablation in air and liquid is favorable for the synthesis and stabiliza t ion 
of metastable zirconia.   
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4.2.3 Femtosecond laser ablation of Ag in dry and liquid confined 
environments  
4.2.3.1 SEM Analysis  
SEM images of figure 4.44 reveals the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Ag samples after irradiation in 
ambient environment of air for various number of laser pulses i.e. 500, 1000, 1500 and 2000.   
SEM image of figure 4.44(a) is the overall view of the Ag sample after irradiation with 500 laser 
pulses. Non-uniform ablated area with HAZ of size ~70 µm x 40 µm is formed. Increase in number 
of laser pulses up to 2000, show increase in size of HAZ at the ablated area up to ~100 µm x 60 
µm as illustrated in figures 4.44(c-d). Presence of redeposited material is also observed at the 
peripheries of HAZ, and its magnitude increases with increase in number of laser pulses up to 
2000.   
SEM images of figures 4.44(e-h) represent the modified central ablated area of Ag samples after 
irradiation in an ambient environment of air for various number of laser pulses i.e. (e) 500, (f) 
1000, (g) 1500 and (h) 2000.  Figure 4.44(e) shows a nanoscale surface structures produced after 
irradiation with 500 number of laser pulses. The structures are composed of droplets, globules, 
cones and nanocavities. Increase in number of laser pulses up to 1000 (figure 4.44f) shows 
enhanced density and decrease in size of droplets, cones and globules. Further increase in number 
of laser pulses up to 1500 shows Nanostructures Covered Laser Induced Periodic Surface 
Structures (NC-LIPPS) on lower right section of figure 4.44g with an average periodicity of about  
1µm. Upper section of the figure 1(g) represents a decrease in size of cones and globules. Increase 
in number of laser pulses up to 2000 results in more small sized droplets, cones and nanocavit ies 
(figure 4.44h).   
SEM images of figure 4.44(i-l) reveal the magnified peripheral ablated areas of the Ag targets after 
irradiation in an ambient environment of air for various number of pulses i.e. (i) 500, (j) 1000, (k) 
1500 and (l) 2000. Figure 4.44(i) shows the formation of LIPSS with an average periodicity of 640 
nm alongwith cracks and some signs of melting. Increase in number of laser pulses to 1000 results 
in increase in the average periodicity of LIPSS up to 720 nm, as is illustrated in figure 4.44(j).   
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Figure 4.44: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of air, for various number of femtosecond laser pulses of 500, 1000, 1500 
and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central ablated 
areas (e-h) and magnified peripheral ablated areas (i-l).  
Inset of figure 4.44(j) shows the magnified image of crater of diameter ~ 4 µm, formed at the 
periphery. The crater is surrounded by circular ripples. The periodicity of these structures decreases 
towards the outskirts of the crater. Further increase in number of laser pulses up to 2000 results in 
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increase in average periodicity LIPSS up to 900 nm, which is more than the laser wavelength of 
800 nm.   
The observed configuration of redeposited material across the HAZ is due to strong expanding 
shock waves that carry the ablated particles away from the HAZ during expansion. Upon cooling 
and resolidification, the region behind the shock front is filled with recurring gas, which then takes 
the debris back to the surface. Multipulse irradiation repeats the process with the further 
consequence that the strong initial shock cleans the debris which is not tightly bonded to the surface 
from an inner region.   
Formation of droplets, cones, globules and cavities is accountable for the spatial variation of the 
absorbed laser energy: (1) the enhancement of absorption by surface defects, (2) the spatial 
inhomogeneity of the incident beam, (3) interference of the excited surface electromagnetic waves 
due to structural defects with the incident laser light. The spatial variations in deposited laser 
energy can generate a melt at local nanoscale sites within the irradiated area. After the formation 
of localized nanoscale melt, a high radial temperature gradient in a nanomelt can persuade a radial 
surface tension gradient that drives out the liquid to the periphery of the nanomelt [174]. This will 
cause to the development of globules, droplets, cones, nanocavities,  due to rapid freezing of the 
expelled liquid [174]. These nanostructures can improve the absorption of laser light [175] due to 
the enhanced spatial non-uniform energy absorption. This increased energy absorption results in 
enhanced melting of the target which results in the decrease in size of globules, cones and refilling 
of the cavities.  
Formation of periodic nanostructures with wavelength close to laser wavelength in metals is 
generally explained either by the interference mechanism or self-organized process [142]. 
According to the interference model, the ripples period is predicted to be approximately equal to 
the laser wavelength λ. Since nanoscale LIPSS reported in figure 4.44(i-l) exhibits a spatial period 
nearly equal to the laser wavelength.   
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Figure 4.45: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of ethanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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It is probable that the interference between the excited surface plasmon’s wave formed at the 
dielectric-material interface and the incident laser light will create periodic thermal gradient due 
to the periodic intensity variation on surface [53, 130]. The possible reason for increase in 
periodicity of these structures is due to the accumulative energy absorption by the Ag surface and 
correspondingly large-scale material deformation and imprinting will occur with increase in 
number of pulses [162].  
SEM images of figure 4.45 reveal the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified periphery ablated areas (i-l) of Ag samples after irradiation in 
ambient environment of ethanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000. 
Figures 4.45(a-d) represent the overall view of the ablated targets for various number of laser 
pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Figure 4.45a shows that size of ablated area is 
up to ~ 275 µm x 220 µm for 500 laser pulses.  
It is observed that the surface morphology of the ablated area produced in ambient environment of 
ethanol is smoother and much larger in size than those produced in ambient air. Increase in number 
of laser pulses up to 2000, show minor increase in size of ablated area up to ~275 µm x 235 µm as 
shown in figures 4.45(b-d).    
SEM images of figures 4.45(e-h) represent the magnified view of central ablated areas of Ag 
targets in an ambient environment of ethanol for various number of laser pulses i.e. (e) 500, (f) 
1000, (g) 1500 and (h) 2000. Figure 4.45(e) reveals the presence of cavities and dendritic structures 
for 500 number of laser pulses along with some signs of melting. Increase in number of laser pulses 
to 1000 results in increase in size of dendritic structures and enhanced melting. Cavities and cracks 
are also seen in figure 4.45(f). Further increase in number of laser pulses up to 1500 results in 
significantly disturbed surface morphology with enhanced size and density of cavities. Nanoscale 
LIPSS formation within the cavity is also observed with an average period of 152 nm as shown in 
figure 4.45(g). Inset of figure 4.45(g) represents the magnified view of LIPSS formed at the centre 
of figure 4.45(g). Figure 4.45(h) represents the morphology of ablated sample after 2000 number 
of laser pulses. Highly disturbed surface morphology, large sized crater containing large number 
of cavities within the crater alongwith large scale melting is observed.  
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SEM images of figure 4.45(i-l) shows the magnified surface morphology of peripheral ablated 
areas of Ag targets in an ambient environment of ethanol for various number of laser pulses i.e. (i) 
500, (j) 1000, (k) 1500 and (l) 2000. Figure 4.45(i) shows that for 500 number of laser pulses no 
significant effect on the surface morphology of the target is observed. Increase in number of laser 
pulses up to 1500 (figure 4.45k) results in formation of cavities and cracks along with some signs 
of melting. Further increase in number of laser pulses up to 2000 (figure 4.45l) results in the 
formation of micro/nanocraters, cavities and cracks. Formation of diffused periodic nanostructures 
is also observed for 2000 number of laser.   
The increase in average diameter  of the ablated area is attributable to shock wave that improves 
the ablation in two directions; in direction of laser beam, and in the direction perpendicular to laser 
beam [176]. The formation of dendritic structures is attributable to enhanced quenching rate and 
thermal gradient [131]. In previous work, [177] it is reported that three kinds of thermal processes 
were recognized as leading material removal processes, namely, normal (equilibrium) boiling, 
vaporisation, and explosive boiling (phase explosion). It was found that normal boiling and 
vaporisation are not momentous for ultrashort pulsed laser irradiation.  Phase explosion, first 
defined by Martynyuk et al. [178] is the most feasible and efficient process for material removal.  
Homogeneous bubble nucleation will take place in this superheated liquid layer, and the “liquid” 
is basically a mixture of vapor and liquid droplets that can facilitate explosive boiling [179]. 
Thermal stresses generated during irradiation are responsible for cracks [180].      
SEM images of figure 4.46 reveal the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Ag samples after irradiation in 
ambient environment of propanol for various number of laser pulses i.e. 500, 1000, 1500 and 2000. 
Figure 4.46(a-d) represents the overall view of the Ag targets after irradiation with various number 
of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Smoother and larger sized circular 
ablated area with an average diameter of 260 µm is observed for 500 number of laser pulses (figure 
4.46a). Increase in number of laser pulses up to 2000 (figure 4.46d) results in increase in diameter 
of the ablated area from 260 µm to 314 µm.  
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Figure 4.46: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of propanol, for various number of femtosecond laser pulses of 500, 1000, 
1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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SEM images of figure 4.46(e-h) reveal the magnified surface morphology of the central ablated 
areas of Ag targets after irradiation in an ambient environment of propanol for various number of 
laser pulses (e) 500, (f) 1000, (g) 1500 and (h) 2000. No significant surface morphological changes 
are observed for 500 number of laser pulses (figure 4.46e). Very few small sized cracks and 
droplets are seen. Increase in number of laser pulses up to 1000 results in enhanced size and density 
of pores and cracks (figure 4.46f). For maximum number of laser pulses of 2000 (figure 4.46h) 
wider cracks are observed alongwith globules, droplets and some signs of melting.  
SEM images of figure 4.46(i-l) shows the magnified surface morphology of peripheral ablated 
areas of Ag targets in an ambient environment of propanol for various number of laser pulses i.e. 
(i) 500, (j) 1000, (k) 1500 and (l) 2000. Figure 4.46(i) shows no distinct features after irradiat ion 
with 500 pulses. Increase in number of laser pulses up to 1000 (figure 4.46j) results in formation 
of flakes and cracks. For maximum number of laser pulses of 2000 (figure 4.46l), cavity formation, 
wide cracks along with the presence of large number of globules and droplets are observed.  
Presence of some flakes over the surface represents enhanced exfoliational sputtering  
.  
SEM images of figure 4.47 reveal the surface morphology of overall (a-d), magnified central 
ablated areas (e-h) and magnified peripheral ablated areas (i-l) of Ag samples after irradiation in 
ambient environment of de-ionized water for various number of laser pulses i.e. 500, 1000, 1500 
and 2000. Figure 4.47(a-d) represents the overall view of the Ag targets after irradiation with 
various number of laser pulses i.e. (a) 500, (b) 1000, (c) 1500 and (d) 2000. Smooth and larger 
sized elliptical ablated area of size ~ 235 µm x 175 µm is formed after irradiation with 500 number 
of laser pulses (figure 4.47a). Large number of self organized wavy patterns with average spacing 
of 20 µm are observed. No change in size of the ablated area upon increase in number of laser 
pulses up to 1000 (figure 4.47b) is observed. Each wavy pattern consists of large number of small 
sized craters. Further increase in number of laser pulses up to 2000 results in no change in size of 
the ablated area. The craters become more distinct with increasing number of laser pulses.  
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Figure 4.47: SEM images revealing the surface morphology of Ag samples after irradiation in an 
ambient environment of de-ionized water, for various number of femtosecond laser pulses of 500, 
1000, 1500 and 2000 at a fixed fluence of 3.6 Jcm-2. An overall ablated area (a-d), magnif ied 
central ablated areas (e-h) and magnified peripheral ablated areas (i-l).  
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Micrographs of Figures 4.47(e-h) reveal the magnified surface morphology of the central ablated 
area of Ag targets after irradiation in an ambient environment of de-ionized water for various 
number of laser pulses (e) 500, (f) 1000, (g) 1500 and (h) 2000. Figure 4.47(e) shows large sized 
irregular shaped crater and nanocavities within the crater. Increase in size of irregular shaped crater 
and cavities inside the crater are observed with increase in number of laser pulses up to 1000 (figure 
4.47f). Further increase in number of laser pulses up to 2000 results in decrease in size of craters 
and cavities within the crater as shown in figure 4.47(g-h).  
SEM images of figures 4.47(i-l) reveal the magnified surface morphology of the peripheral ablated 
area of Ag targets after irradiation in an ambient environment of de-ionized water for various 
number of laser pulses (i) 500, (j) 1000, (k) 1500 and (l) 2000. Figure 4.47(i) shows irregular 
shaped craters and cavities within the craters for 500 number of laser pulses. Increase in number 
of laser pulses up to 2000 results in an increase in size of irregular shaped craters and cavities as 
shown in figures 4.47(j-l).   
The comparison of all the four media presents significant dissimilarities in surface morphology of 
irradiated Ag. During dry ablation (in air environment), maximum ablation takes place at the centre 
and the ablated material is redeposited across the boundaries which forms an elliptical ring. 
Whereas in case of wet ablation (in ethanol, propanol & de-ionized water) more uniform ablation 
is observed with no peripheral redeposition of the ablated material. In liquids ablated species are 
wiped out by the liquid and no redeposition for these species is permissible [181]. Quick rise in 
temperature during laser produced plasma expansion generates bubbles in the liquid. The bubble 
nucleation and cavitation is responsible for the wavy patterns and generation of craters with the 
removal of ablated particles [117, 182]. The liquid also plays significant role in efficiently cooling 
of the target and avoiding the unnecessary heat accumulation after laser irradiation. Another 
significant difference in the ablated area is that sharp HAZ with distinct boundary is seen whereas, 
the ablated craters formed in ethanol, propanol and de-ionized water are less distinct as compared 
to air. The ablated area formed in case of ethanol is more diffused than the ablated areas formed in 
propanol and de-ionized water. This may be due to more absorption of laser energy by ethanol as 
compare to propanol and de-ionized water. The ablated area formed in de-ionized water shows self 
organized craters over its surface. Various kind of surface features are observed after irradiation in 
all media i.e. pores, globules and droplets, dendritic structures, craters, cavities within the craters 
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etc. LIPPS are only observed in case of ablation in air and ethanol environment but more 
pronounced LIPSS are present only in case of air. Formation of globules, droplets, cavities, craters 
and periodic surface structures etc. can be associated with surface tension gradients and re-
solidification mechanisms. Residual thermal effects [175] can also be considered for generation of 
these features.   
The comparison of Ti (figures 4.24 – 4.27), Zr (Figures 4.34 – 4.37) and Ag (Figures 4.44 – 4.47) 
shows that the central ablated area of Ti irradiated with femtosecond laser in air environment 
demonstrates the formation of large sized micro-structures, deep craters, cavities and LIPSS with 
periodicity larger than the laser wavelength. While, Zr shows the development of nano structures 
covered laser induced periodic surface structures (NC-LIPSS) with an average periodicity less than 
or close to the laser wavelength. Nano structures are composed of nanowalls, globules and 
nanocones. In case of ablation of Ag in air environment nanoscale surface structures composed of 
droplets, globules, cones and nanocavities are observed alongwith development of randomly 
distributed NC-LIPSS. In case of ablation of Ti in liquids both microscale and nanoscale LIPSS 
are formed. Whereas, Zr ablation in liquid confined environment shows development of more fine 
nanoscale LIPSS with periodicities much less than the laser wavelength (~λ/4).  Formation of 
cones, cracks, globules, nanopores are also observed alongwith some signs of melting and 
splashing. Ablation of Ag in liquid confined environment results into dendritic structures, cavities, 
cracks, large number of cavities.   
The peripheral ablated areas of Ti and Zr shows the formation of LIPSS, Dendritic structures, 
globules, pores, large sized crater surrounded by multiple ablative layers whereas, Ag shows 
regular shaped craters and cavities.   
Relatively fine periodic structures with significantly less periodicity are formed during ablation in 
liquids as compared to air environment. This fact is explainable on the basis of confinement effects 
of liquid. Formation of various kind of features on Ti, Zr and Ag in different liquids is due to 
different absorption coefficients of the liquids and it can also be explained on the basis of electron-
phonon coupling co-efficient. The coupling co-efficient of Ti, Zr and Ag has the value of 0.38, 
0.86 and 0.12, respectively [183, 184]. Among these three metals Zr shows high value of electron-
phonon coupling co-efficient. According to Wellershoff et al. [185], in metals with strong electron-
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phonon coupling the process of micro/nanostructuring will be much more efficient. Due to this 
reason more fine LIPSS are formed in case of Zr than Ti and Ag. Also the reflectivity of Ag (96%) 
for 800 nm is high compared to Ti (55%) and Zr (60%) along with small value of electron-phonon 
coupling co-efficient. This may be another reason for the diverse behavior of Ag to laser radiations.  
Comparison of nanosecond and femtosecond laser ablation of Ti (figures 4.1 – 4.4 & figures 4.24 
– 4.27), Zr (figures 4.9 – 4.12 & figures 4.34 – 4.37) and Ag (figures 4.18 – 4.20 & figures 4.44 – 
4.47) shows significant dissimilarities in the surface morphology of the ablated targets. After 
irradiation with nanosecond laser in air ambient, both titanium and Zr shows granular morphology 
at both central and peripheral ablated areas whereas, Ag shows large sized conical features over 
the wall like structures at both central and peripheral ablated areas. During irradiation with both 
nanosecond and femtosecond lasers, Ag shows diverse behavior compared with Ti and Zr. Thermal 
conductivity values of Ti (21.9 W/mK) and Zr (22.7 W/mK) lie close to each other but Ag offers 
much high value of thermal conductivity (427 W/mK). This difference may be responsible for the 
diverse behavior of Ag after irradiation with nanosecond lasers.  
It is observed that comparatively small scale structures are formed after irradiation with 
femtosecond lasers. This may be related to the fact that the photothermal, photophysical, and 
photochemical responses of all the metals to femtosecond laser are different than nanosecond laser. 
Pulsed laser induced mass removal from the target surface can occur by both non thermal and 
thermal processes. In case of non thermal process, incident laser radiation induces highly excited 
non equilibrium state population of electrons near the surface, which breaks the bonds of the target 
material and consequently eject the ions from the surface [186]. For thermal mechanism, during 
electron-phonon relaxation process, ions gain energy from the excited electron, at the same time 
when heat is conducted into the lattice. Melting of the target material takes place due to this 
conduction of heat and the temperature of the melt go far beyond the boiling temperature [187]. 
During nanosecond laser ablation thermal process appears to be the dominant process [188]. For 
nanosecond laser pulses, when laser irradiance goes beyond 109 W/cm2, the near surface 
temperature of the target exceeds the boiling point leading to the formation of metastable liquid 
layer [189].  In this superheated liquid homogeneous bubble nucleation will occur that can facilitate 
explosive boiling. As a result, the superheated liquid abruptly transform to a mixture of vapors and 
liquid droplets, which are then evicted from the target surface [190].  As the material undergo 
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accumulative laser pulses, the induced thermal stresses gathered on the irradiated site, resulting in 
cracks formation and possible material fracture.   
Comparison of dry and liquid environments shows significant dissimilarities. During dry ablation, 
maximum ablation takes place at the centre and the ablated material redeposited at the periphery. 
Whereas in case of wet ablation more uniform ablation is observed resulting in much smoother 
and cleaner surfaces. In case of ablation in air environment for both nanosecond and femtosecond 
lasers, large scale micro/nanostructures were observed. While, in case of ablation in liquids small 
scale structures are observed owing to confinement effects of liquids. Formation of diverse type of 
structures after ablation in liquids is due to difference in absorption co-efficient of liquids.  
4.2.3.2 EDS Analysis  
Table 4.7 represents the relative EDS analysis of the un-irradiated and central irradiated area of Ag 
target after exposure to 1000 laser pulses under both dry (air) and wet (ethanol, propanol and de-
ionized water) environments. An increase in content of oxygen is observed for all four 
environments but enhanced diffusion of oxygen is observed in case of de-ionized water.   
Table 4.6: The EDS analysis of the un-irradiated and central ablated area of Ag targets after 
femtosecond laser irradiation at a fluence of 3.6 J/cm2 under ambient environments of air, ethanol 
propanol and de-ionized water.   
Elements  
Untreated (wt.  
%)  
Air (wt.  
%)  
Ethanol (wt.  
%)  
Propanol  
(wt.%)  
De-ionized Water  
(wt. %)  
Ag  98.62  91.27  89.31  92.68  89.28  
O  1.38  8.73  10.69  7.32  10.72  
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4.2.3.3 XRD Analysis    
Figure 4.48(a) shows the X- Ray patterns of the untreated and laser irradiated Ag exposed for 
various number of laser pulses ranging from 500 to 2000, under ambient environment of air. In 
case of unirradiated Ag, cubic phases of Ag (111), (200), (220) and (311) are identified. New 
phases of Ag oxide (Hexagonal): Ag2O (011), (003); and (Tetragonal): AgO  (251) are identified 
along with the original phases of Ag. Figure 4.48(b) shows the variation in crystallite size and 
residual stresses evaluated for Ag2O (011) plane reflection as a function of increasing laser pulses.  
The crystallite size is evaluated for Ag2O (011) plane reflection by using Scherrer’s formula given 
in eq. 4.1 [108]. The residual strains and stresses are evaluated by using eq. 4.2 and 4.4 
respectively. The value of Young’s modulus used in the calculation for Ag2O is 88.8 GPa [122]. 
Variation in crystallite size and residual stresses with increase in number of laser pulses is depicted 
in Figure 4.48(b).  
Peak intensity (Figure 4.48a) and crystallite size (Figure 4.48b) for Ag2O (011) plane reflection 
decreases with increase in number of laser pulses up to 2000. For 500 number of laser pulses highly 
tensile stresses are dominant. Increase in number of laser pulses up to 2000 results in the relaxation 
of tensile stresses. The relaxation in tensile residual stresses is attributable to reduced crystallite 
size [144]. Relaxation of tensile residual stresses can also be due to annealing effect after increasing 
multiple laser-irradiations. The defects and stresses produced by initial pulses are annealed and 
relaxed after successive pulses [49].  
Inset of Figure 4.48(b) show the magnified view of the observed peak of Ag2O (011), showing the 
shift of peak to higher and lower angular positions with increasing number of pulses. Peak shift to 
lower angular position for 500 number of laser pulses is evident for the presence of highly tensile 
residual stresses [12]. Shift to higher angular position with increasing number of laser pulses 
confirms the relaxation of tensile stresses.   
These results are well correlated with SEM results. Laser induced thermal shocks causes the 
formation of cavities. Whereas, the relaxation of compressive stresses is responsible for the 
formation conical nanostructures [151, 191].   
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Figure 4.48: (a) XRD patterns of the untreated and laser irradiated Ag exposed to various number 
of femtosecond laser pulses at a fluence of 3.6 Jcm-2, (b) the variation in the crystallite size and 
stresses under ambient environment of air.  
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Figure 4.49: (a) XRD patterns of the untreated and laser irradiated Ag exposed to various number 
of femtosecond laser pulses at a fluence of 3.6 Jcm-2, (b) the variation in the crystallite size and 
stresses under ambient environment of ethanol.  
Nanopores, nanocavities and nanorims formed after irradiation with 500 number of laser pulses in 
ambient environment of air (Figure 4.44e) are attributable to the presence of highly tensile residual 
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stresses. The observed refilling of nanopores and nanocavities with melted material along with 
formation of periodic structures with increasing number of laser pulses up to 2000,  
4.44(f-h) are attributable to relaxation of tensile residual stresses.    
Figure 4.49(a) shows the X- Ray diffractograms of the untreated and laser irradiated Ag exposed 
for various number of laser pulses, under ambient environment of ethanol. New phases of Ag oxide 
(Hexagonal): Ag2O (011), (012), (110); and (Tetragonal): AgO  (251) are identified along with the 
original phases of Ag. Figure 4.49(b) shows the variation in crystallite size and residual stresses as 
a function of increasing laser pulses.  
The sharp increase in peak intensity (Figure 4.49a) is observed with increase in number of laser 
pulses up to 2000 and is attributable to increase in crystallite size (Figure 4.49b). Figure 4.49(b) 
also shows the presence of compressive stresses for 500 number of laser pulses which is 
attributable to small crystallite size. Further increase in number of laser pulses up to 1000 results 
in transformation of compressive stresses to tensile stresses which increases with increase in 
number of laser pulses up to 2000.  Peak shift to lower angular position is also evident for 
transformation of compressive to tensile residual stresses. The enhanced density of cavities and 
craters is observed in Figure 4.45(e-h) with increase in number of laser pulses up to 2000 and is 
attributable to increase in tensile residual stresses [95].  
Figure 4.50(a) shows the X- Ray diffractograms of the Untreated and laser irradiated Ag exposed 
for various number of laser pulses, under ambient environment of propanol. New phases of Ag 
oxide (Hexagonal): Ag2O (011), (100); and (Tetragonal): AgO  (224) are identified along with the 
original phases of Ag. Figure 4.50(b) shows the variation in crystallite size and residual stresses 
evaluated for Ag2O (011) plane reflection as a function of increasing laser pulses.   
Increase in peak intensity and crystallite size of Ag2O (011) plane reflection is observed with 
increase in number of laser pulses up to 2000 (Figure 4.50a). Compressive residual stresses are 
observed for 500 number of laser pulses. Further increase in number of laser pulses 2000 
transforms the compressive residual stresses to tensile residual stresses which increase with 
increase in laser pulses up to 2000. Larger sized wider cracks observed in Figure 4.46(h) are 
attributable to the presence of high tensile stresses for 2000 number of laser pulses.  
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Figure 4.50: (a) XRD patterns of the untreated and laser irradiated Ag exposed to various number 
of femtosecond laser pulses at a fluence of 3.6 Jcm-2, (b) the variation in the crystallite size and 
stresses under ambient environment of propanol.  
Figure 4.51(a) shows the X- Ray diffractograms of the untreated and laser irradiated Ag exposed 
for various number of laser pulses, under ambient environment of de-ionized water. New phases 
of Ag oxide (Hexagonal): Ag2O (100), (011), (003); and (Tetragonal): AgO  (121) are identified 
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along with the original phases of Ag. Figure 4.51(b) shows the variation in crystallite size and 
residual stresses of Ag2O (011) plane reflection as a function of increasing laser pulses.  
 
  
Figure 4.51: XRD patterns of (a) the untreated and laser irradiated Ag exposed to various number 
of femtosecond laser pulses at a fluence of 3.6 Jcm-2,(b) the variation in the crystallite size and 
stresses under ambient environment of de-ionized water.  
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Increase in peak intensity, crystallite size and tensile residual stresses of Ag2O (011) plane 
reflection is observed with increase in number of laser pulses up to 1000 (Figure 4.51a). Further 
increase in number of laser pulses up to 2000 results in decrease in peak intensity, crystallite size 
and tensile residual stresses. Increase in size of crater and cavities within the crater observed in 
Figure 4.47(e-f) is attributable to enhanced tensile stresses and decrease in size of crater and 
refilling of cavities within the crater is attributable to the relaxation of tensile stresses.  
4.2.3.4 Raman spectroscopy   
Figures 4.52 represents the Raman spectrographs of Ag targets irradiated at a fluence of 3.6 J/cm2  
in ambient environments of (a) air, (b) ethanol for 1000 number of laser pulses.  
Figure 4.52(a) shows that Raman modes are generated on the surface of Ag after laser ablation and 
formation of oxides on the metallic surface. The Raman peaks identified at 95, 146, 230, 565 and 
933 cm-1 represent the presence of Ag2O while peaks observed at 216, 300 and 379 cm-1 are the 
characteristic bands of AgO [192, 193].  
Figure 4.52(b) represents the Raman spectrographs of Ag irradiated at a fluence of 3.6 J/cm2 in 
ambient environment of ethanol for 1000 laser pulses. Raman peaks identified at 96, 230, 429, 
487, 565 and 933 cm-1 represents Ag2O whereas, Raman peaks observed at 216 and 300 cm-1 can 
be assigned as the characteristic of AgO. Raman peak at 735 cm-1 is the charecteristics of 
Metalalkyle compound (M-CH3) rocking vibration and peak at 800 cm-1 and may be represented 
as metal hydride (M-H) [157, 192, 193].    
Figure 4.53 represents the Raman spectrographs of Ag targets irradiated at a fluence of 3.6 J/cm2  
in ambient environments of (a) propanol and (b) de-ionized water for 1000 number of laser pulses. 
Raman peaks identified in figure 4.53(a) at 229, 342, 487 and 950 cm-1 show the presence of Ag2O 
whereas, Raman peak observed at 734 cm-1 can be assigned as the charecteristics of Metal-alkyle 
compound (M-CH3) rocking vibration. Peaks observed at 800 cm-1 can be assigned as the 
charecteristic of Metal-Hydride (M-H) [157] [157, 192, 193].   
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Figure 4.52: Raman spectrographs of the Ag targets exposed to 1000 laser pulses at a fluence of  
3.6 Jcm-2 in ambient environments of (a) air and (b) ethanol  
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Figure 4.53: Raman spectrographs of the Ag targets exposed to 1000 laser pulses at a fluence of 
3.6 Jcm-2 in ambient environments of (a) propanol and (b) de-ionized water.  
 For figure 4.53(b) Raman peaks identified at 97, 146, 228, 487 and 933 cm-1 represent Ag2O while 
the Raman Peak observed at 466 cm-1 can be assigned as the characteristic of AgO. Raman peaks 
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observed at 314, 508 and 606 cm-1 represent hydroxyl group while peak observed at 734 and 900 
cm-1 can be considered as the charecteristics of Metal-Hydroxide (M-OH) M-O streching mode 
[157] [157, 192, 193].  
Comparison of the above four media show dissimilarities in the chemical structure of the surfaces. 
Irradiation of Ag in air, ethanol and de-ionize water shows the formation of mixture of Ag2O and 
AgO whereas irradiation in propanol shows the formation of onlyAg2O. Formation of Metal-alkyle 
compound (M-CH3) and metal hydride (M-H) is confirmed in case of ethanol and propanol where 
as formation of Metal-Hydroxide (M-OH) is evident in case of de-ionized water only. XRD 
analysis confirms the formation of both Ag2O and AgO for both dry and liquid environments.   
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Conclusion  
Various ablation mechanisms in three metallic materials (i.e. Ti, Zr and Ag) have been 
investigated. The ablation was performed under dry (air) and wet (ethanol, propanol and deionized 
water) environments by employing nanosecond and femtosecond lasers for various number of laser 
pulses i.e. 500, 1000, 1500 and 2000, at a fixed fluence of 3.6 J/cm2. The surface analysis was 
performed by using Scanning Electron Microscope (SEM). For structural and compositiona l 
analysis of irradiated targets, Energy Dispersive X-Ray Spectroscopy (EDS), XRay 
Diffractometery (XRD) and Raman spectroscopy techniques were employed.  
In case of nanosecond laser irradiation, SEM analysis of Ti reveals significant dissimilarit ies 
between ablation in air and liquids. In the central ablated area, large sized diffused grains are 
formed in case of dry ablation, whereas, in case of wet ablation small size and well defined grains 
with distinct grain boundaries are developed. Increase in number of laser pulses shows no effect 
on the granular morphology in case of air but in case of liquids grain boundaries become more 
distinct and wider. In the peripheral ablated area there is a significant redeposition in case of 
ambient environment of air, whereas in case of wet ablation grain like structures appear without 
redeposition.  
Nanosecond pulsed laser interaction of Zr in air ambient leads to the formation of large sized grains 
with cavities along the grain boundaries at the central and peripheral ablated areas. These grains 
transform into porous agglomerates with increase in number of laser pulses. Irradiation in ethanol 
and propanol also confirms the development of grain with distinct boundaries. The size of these 
grains is much smaller than those produced in ambient air. Increase in number of laser pulses 
results in more distinct and wider grain boundaries. In case of de-ionized water uniform 
distribution of large number of droplets over the porous surface alongwith presence of cracks and 
cavities is observed. Increase in number of pulses results in highly porous surface alongwith 
refilling of cracks and cavities by the shock liquefied material. The peripheral ablated area in case 
of de-ionized water also shows development of grains.  
SEM analysis of Ag samples after irradiation in air environment reveals the presence of large 
number of cavities between channel like features along with a large sized crater representing large 
mass removal. Increase in number of laser pulses offers complete refilling of craters and cavities 
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along with enhanced density of conical features. Peripheral ablated area also shows large number 
of cavities between channel like features along with conical features over the channel like features. 
Ablation in liquids is responsible for enhanced density of conical features. There size is much 
smaller than those observed in case of air environment.   
In case of femtosecond laser irradiation, SEM analysis of Ti reveals significant dissimilarit ies 
between ablation in dry and wet ablation. In case of air environment, nanoscale to microscale 
transformation of LIPSS is observed. Whereas, during ablation in ethanol environment, both 
nanoscale and microscale LIPSS are observed. After ablation in propanol environment, central 
ablated area shows formation of dendritic structures, globules, large density of pores, cracks and 
some signs of melting. Decrease in size of dendritic structures, globules and pores alongwith 
refilling of cracks is observed with increase in number of laser pulses. Peripheral ablated area 
shows development of craters with increasing number of pulses. In case of de-ionized water fine 
LIPSS are observed alongwith formation of cones, globules and enhanced density of cracks. 
Peripheral ablated area shows splash like structures, large number of pores, cracks alongwith the 
development of cones and some signs of melting.   
In case of femtosecond laser irradiation of Zr in air, SEM analysis of both the central and peripheral 
ablated areas shows formation of LIPSS which disappear with increase in number of laser pulses. 
In case of ethanol environment both the central and peripheral ablated areas show LIPSS with 
periodicity much less than those observed in case of air environment. In case of propanol 
environment, sponge like surface structure, cones, cracks and cavities are seen at the central ablated 
area. Peripheral ablated area shows only flake like structures and cracks. No LIPSS are seen after 
irradiation in propanol. While, during ablation in de-ionized water, LIPSS are observed at both the 
central and peripheral ablated areas alongwith some bifurcations like pores, cavities and cracks.  
Femtosecond pulsed laser interaction of Ag in air and liquid confined environments leads to the 
formation of various kinds of features including nanopores, randomly oriented nanocones, 
nanocavities and nanostructured covered laser induced periodic surface structures (NC-LIPPS) 
with periodicity nearly equal to laser wavelength during irradiation in air environment. Whereas, 
during ablation in ethanol environment formation of dendritic structures and less periodicity LIPSS 
is evident along with the presence of craters and cavities. During irradiation in propanol 
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environment wider cracks are observed while in case of de-ionized water environment larger sized 
craters are observed along with cavities within the craters.  
EDS analysis of Ti after irradiation with nanosecond laser shows increase in content of oxygen for 
all liquids i.e. ethanol, propanol and de-ionized water while in case of air ablation increase in 
content of both oxygen and nitrogen is observed alongwith reduction in impurity elements. 
Reduction in content of aluminum and complete removal of Zr and vanadium is also observed for 
air ambient. For ablation in ethanol, propanol and de-ionized water mediums decrease in content 
of aluminum, Zr and vanadium is observed. In case of ablation of Zr with nanosecond laser, EDS 
analysis confirms decrease in content of carbon and complete removal of boron and rhenium after 
irradiation in air environment. Increase in content of oxygen in both dry and liquid environments. 
Increase in content of carbon is observed after ablation in ethanol and propanol environments. EDS 
analysis of Ag samples after irradiation shows increase in the content of oxygen in all environments 
but enhanced diffusion of oxygen is observed in case of de-ionized water. Increase in content of 
carbon is observed only in ethanol environment.  
EDS analysis of Ti after irradiation with femtosecond laser shows increase in content of oxygen in 
all ambient environments. Decrease in contents of aluminum, Zr, vanadium and carbon is observed 
in case of air and de-ionized water. Whereas, in case of ethanol and propanol, increase in content 
of carbon is observed alongwith decrease in content of aluminum, Zr and vanadium. In case of Zr 
increase in content of oxygen is observed after irradiation in both dry and liquid environments. 
Increase in content of carbon is observed in case of ethanol only. Irradiated Ag shows enhanced 
diffusion of oxygen in all four environments but enhanced diffusion of oxygen is observed in case 
of de-ionized water.   
XRD analysis of Ti after irradiation with nanosecond laser confirmed the diffusion of oxygen and 
nitrogen, in case of dry (air) ablation of Ti, which is responsible for the formation of oxides and 
nitrides on its surface. In case of wet ablation (ethanol, propanol and de-ionized water) the 
diffusion of oxygen and hydrogen causes the formation of oxides and hydrides on the metallic 
surface. Irradiation of Zr with nanosecond laser in air, only oxides are formed while in case of 
ethanol, propanol and de-ionized water oxides are formed along with hydrides. XRD analysis of 
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irradiated Ag shows formation of Ag2O in case of air and ethanol and Ag2O, Ag3O in case of 
deionized water representing enhanced diffusion of oxygen in case of de-ionized water.   
Irradiation of Ti with femtosecond laser in both dry and wet media shows formation of oxides of 
Ti (especially TiO2) in both media. Presence of carbide is confirmed in case of ethanol and 
propanol. Hydrides are formed during irradiation in de-ionized water and propanol. Femtosecond 
laser irradiation of Ti is important in formation of TiO2 (metastable phases) and hydrides (TiH, 
TiH2) having applications in many field of industry. Comparison of XRD results of femtosecond 
laser irradiated Zr, both dry and wet media shows similarities in the chemical structure of the 
surface. Irradiated Zr shows the formation of mixture of monoclinic and tetragonal phases of 
zirconia for all four ambient environments. Whereas, various phases of Zr hydride are formed in 
case of propanol and de-ionized water. However excessive hydrides are formed in case of propanol 
only. XRD analysis of irradiated Ag shows the formation of mixture of various phases of hexagona l 
Ag2O and Tetragonal AgO during irradiation in both dry and liquid environments.  
In case of femtosecond laser irradiated Ti, formation of mixture of Anatase and Rutile phases of 
TiO2 is observed for all four media. Whereas, titanocene derivative (C5H5)nTi and 
nonstoichiometric oxycarbide TiCxOy phase is observed only in case of propanol. Irradiation in 
ambient environment of propanol and de-ionized water also confirms the formation of Ti hydride. 
In case of femtosecond laser irradiated Zr, in both dry and wet media, formation of mixture of 
monoclinic and tetragonal phases of zirconia are obderved. Cubic zirconia is formed only in case 
of de-ionized water. Formation of Zr hydride is also evident in case of propanol and de-ionized 
water environments. Raman results of femtosecond laser irradiated Ag confirms the formation of 
mixture of Ag2O and AgO after irradiation in air, ethanol and de-ionize water while irradiation in 
propanol shows the formation of Ag2O only. Formation of Metal-alkyle compound (M-CH3), metal 
hydride (M-H) and Metal-Hydroxide (M-OH) is confirmed during irradiation in liquids.  
During nanosecond laser ablation large scale microstructures like grains, cavities, cracks, globules 
and flakes were observed. During femtosecond laser ablation small scale structures are observed 
like nanospheres, nanoscale ripples, nanocones, pores etc. The micro/nanosclae LIPSS are 
observed only in case of femtosecond laser ablation. The formation of comparatively small scale 
structures after irradiation with femtosecond lasers can be related to the variation in photothermal, 
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photophysical, and photochemical responses of all the metals to femtosecond laser compared to 
nanosecond laser. It can also be explained on the basis of electron-phonon coupling co-efficient, 
the difference in reflectivity, thermal conductivity values of Ti, Zr and Ag and variations in 
wavelength of the incident laser beam.   
It is also observed that comparatively small scale structures are formed during ablation in liquids 
as compared to air environment. This fact is explainable on the basis of confinement effects of 
liquid. Formation of various kinds of features on Ti, Zr and Ag in different liquids is due to 
different absorption coefficients and chemical reactivity of the liquids.  
Various features like globules, granular morphology, cones, crater and LIPSS can be correlated 
with enhanced chemical reactions at the solid–liquid interface. The explosive boiling, convective 
bubble motion, pressure gradients, melting and recrystallization owing to confinement effects of 
liquids are potential cause for such kind of surface features. The metal oxides, hydrides and carbide 
formed on irradiated area are also playing considerable role for the formation of such kinds of 
structures. The dependence of the femtosecond laser induced periodic surface structures on the 
laser pulses and processing environments indicates that the formation of these surface structures 
may be attributed to various mechanisms, such as interference, self-organization process, 
parametric instability, mechanical pressures and laser induced non-linear optical effects in liquids. 
The reduced energy deposition due to shielding effects and fast cooling makes the liquid ablation 
more effective tool for the nano-structuring of the materials.  
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